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PREFACE. 



This volume is written on the same plan as ray Elementary 
book, and although it is primarily intended for students who 
are reading for the South Kensington Advanced Stage, or for 
examinations of a similar standard, it is hoped that it may 
prove of assistance to beginners who are desirous of obtaining 
an experimental knowledge of the facts and laws of the Science 
of Magnetism and Electricity. 

The book has been thrown into experimental form for 
several reasons, of which two may be mentioned : (i) experi- 
mental work, apart from the actual knowledge gained, affords 
a valuable training to the mind, inasmuch as a student acquires 
the habit of making careful observations, and of drawing 
inferences from facts ; and (2) scientific knowledge obtained 
merely from book-work, with a view of passing a particular 
examination, is almost worse than useless, and may indeed 
defeat the object at which the student is aiming. 

A series of exercises, containing many numerical problems, 
has been interspersed throughout the text, and forms an 
important feature of the book. The student, who is assumed 
to have read the elements of Algebra, Geometry, and Trigo- 
nometry, is strongly recommended to systematically work these 
exercises, as the application of Mathematics is absolutely 
essential in order to obtain a thorough grasp of any subject 
in Physical Science. On this point, Sir William Thomson, 
in a lecture delivered in 1883, said, "I often say that when ^ 
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yott can measure what you are speaking about, and express it 
in numbers, you know something about it; but when you 
cannot measure it, when you cannot express it in numbers, 
your knowledge is of a meagre and unsatisfactory kind; it 
may be the beginning of knowledge, but you have scarcely in 
your thoughts advanced to the stage of science." 

Of the three hundred and seventeen illustrations, more than 
two hundred have been engraved from my own drawings, the 
remainder havmg been mainly obtained from various works 
published by Messrs. Longman. It is hoped that they may 
be used solely as aids in understanding the text, and not as 
substitutes for the actual use of apparatus. 

A short account of some of the practical applications of 
Electricity has been given ; and, in order that the reader may 
form some idea of ^the direction of modern thought in the 
science, a chapter has been added, at the end of the book, 
on recent researches, which, although necessarily meagre and 
imperfect, may prove an incentive to further study. 

I must acknowledge my obligation to my old colleague 
and friend, the Rev. Edward Atkins^ B.Sc., who has read 
through the proofs, and to Mr. E. E. Brooks, Instructor in 
Electric Lighting and Power Distribution in the Leicester 
Technical School, who has throughout given me valuable 
assistance. 

A. W. P. 

Wisbech Grammar School, 
SepUmbcr^ 1892. 
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MAGNETISM. 



CHAFl'ER 1. 
MAGNETIC ATTRACTION AND REPULSION. 




Lodestones or Natural Magnets. — ^Ezp^ i. Plunge a piece 

of lodcstone into iron filings ; on with- 
drawal notice that tufts of tilings cling to ..A^aiWjj^^^iy^TM^ >^di^r'^-^^ 
certain parts. In Fig. x, the piece has 
been shaped with a hammer so that this 
attractive power is most apparent near the 
ends. Fit'- »• 

Sipi S. Suspend the piece of lodestone 
so that it can turn freely. Either of the following methods of suspension 
may be adopted. Fasten a thread of raw silk 
to a suitable support and {a) tie the other end 
to a piece of wire bent as shown in Fig. 2, or 
{p) pass it through the two free ends of a doubled 
strip of paper. We may call (a) a wire stirrup, 
and {b) a paper stirrup. Observe that the lode- 
stone sets itself in a definite direction, pointing 
nearlv north and south. If disturbed mm this 
position it oscillates for a time^ and then comes 
to rest in exactly the same position as before, 
the same end always pointing towards the north. ^ 

This hard, dark-coloured, stone-like 
body is widely distributed in nature, being met with in great 

abundance in Norway and Sweden, and in some parts of America. 
From the circumstance that it was originally found in Magnesiay 
in Asia Minor, it was probably called magnes by the Greeks, 
whence we have derived our words maffiei^ magnetism^ etc. 
Although this substance does not always possess the properties 
of attracting iron and of setting itself in a north and south 
direction, it constitutes one of our most important and valuable 
iron ores, known as magneHte^ or magnetic oxide of iron. Its 
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chemical formula is Fe^Oi- It is called a natural ma^et 
because it is found in a natural state, and lodestone {A^S. loedan, 
to lead) because it has the remarkable property referred to in 
Exp. 2» which caused it to be subsequently used in navigation. 

Artificial Magnets. — Exp. S. Draw a piece of lodestone 
fifteen or twenty times over an ordinary sted knitting-needle, or a piece 
of watch-spring, taking care to move it always in the same direction^ not 




IllrtI*! 




FiGw 3. 

to and fro.» {a) Plunge it into iron filings, and observe that, on with- 
drawal, tufts similar to those obtained in Exp. I, cling to the ends ; {b) 
suspend it in a paper stirrup, and observe that it seU itself in anorth and 
south direction. 

We learn from these experiments that a new property, 
which manifests itself in several ways, has been imparted to 
the steel needle by rubbing it with a lodestone. Such a piece 
of steel is an artificial magnet. The process by which this 
property is acquired is called magnetisation^ and the steel is 
said to be magnetised. 

Attraction of Iron by Magnets. — Xzp. 4. Obtain a number 

of small, soft iron nails, as nearly as possible of the same size and weight. 

(i) Near the end, Fig. 4, of 
a strong magnet, support the 
greatest possible number of the 
nails. 

(2) Hang the rails at points 
b and nearer the middle of 
the magnet. Observe that, as 
we approach the middle, a 
smaller number can be sup- 
ported, while (3) at the middle, 
tt even a small particle of iron 
cannot be supported. 

Test the other half of the 
marnet in a similnr manner, 
and observe that equal weights 
are supported at equal dis- 
tances m>m each end. 




Fig. 4. 



The curve drawn through the free ends of each series is 

' This method is of no practical value. Theordinary methods of making 
magnets will be described later. 
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a fough measure of the attractive force at different points along 

the magnet. 

We therefore learn from this experiment that — 
(a) The attractive force of a magnet is greatest near 
the ends. Strictly speaking, there are two points^ one near 
each end of a magnet, where the maximum attractive power 
is situated. These points are called the poles o£ the magnet 

(H) As we approach the middle of a magnet, the attractive 
power becomes smaller until (c) all round the magnet, midway 
between the poles, it ceases altogether. This is called the 
neuiral line. 

The line joining the poles is called the magftetic axis. 

Poles of a Magnet.— We have seen that, in our latitude, 
one pole of a magnet always points northwards, and the other 
southwards. From this property the poles are distinguished 
one from the other by calling that which is directed towards 
the north, the north pole, or better, the north-seeking pole; while 
the opposite one is called the southy or south^eeking pole. 

The north-seeking pole is sometimes designated the marked^ 
or positive pole; and the south-seeking, the unmarked^ or 
negative pole. 

Mi^eiiBaUon by Single Teach (see p. 15).— Sa^. s. 

Place a strip of steel on a 
table. Bring one pole of a 
magnet in contact with one 
end of the strip (Fig. 5). 
Move the magnet, parallel 
to its first position, to the 
other end, then lift it and 
replace it in its first position. 
After rubhing one side ten 
or twdve times, turn the 
strip over, and treat the 
other side similarly. 




Fig. 



The polarity of the end of the bar, where the magnet leaves 
it, is always of opposite name to the magnetismg pole. Thus, 
if a N-seeking pole be used, the end where the magnet leaves 

the bar is S-seeking, and that, where it is first placed, N-seeking, 

Magnetisation by Separate or Divided Touch. — 

Exp. 6. Place the bar to be magnetised horizontally, and then place the 
opposite poles uf two bar magnets at the middle of the bar as shown in 
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Fig. 6. Draw them simultaneously from the middle to the ends. Lift 
Ibm and place them again at the middle. Repeat this opeiatioa ten or 




Fig. 6. 

twelve times. Turn the bar over and rub the other ride in a similar 
manner. 

This process is rendered easier and more effectual if the 
bar to be magnetised is supported on the opposite poles of 
two bar magnets, so that the poles of the lower magnets 
are similar to those of the magnetising magnets immediately 
above them (Fig. 6). 

To make a Magnetic Needle. — (a) Cut a piece of dock- 
spring, with a pair of scissors used for cutting metal, into either of the 

shapes shown in Fig. 7. 
Magnetise it by the method 
of single touch, balance it 
accurately by placing it across 
a knife edge, and then scratch 
a line to mark the porition of 
the knife. 

{Jti) Make a glass cap in 
the following manner — 

Take a piece of glass 
tubing (y^5 inch bore is the 
most useful) and holding it 
in a Bunsen's or spirit-Utmp 
flame, turn it continually until 
it is quite soft, and then pull 
the ends apart so that it has 
the appearance shown in Fig. 
' S, a. Break the thin thread, 
Fxc 7« FicS. and lioUl one piece in the 

flame until the end is rounded 
off (Fie. 8, ^.) It is often necessary to remove the bead which iorms on 
the end with another piece of hot glass tubix^. When the glass is cold» 
make a mark (represented by the dotted line in the diagram), with a sharp 
triangular file. The rounded portion, which forms the cap, can then be 
easily separated from the rest of the tube by gentle i)ressure. 

{c) Soften the central part of the strip of magnetised steel, by holding 
it in a flame until it is red-hot, and then gradually removing it from the 
flame so that it cools slowly. Drill a hole through the needle at the 
middle of the line about which it balanced, taking care that it is slightly 



■ 
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Fig. 9. 



sniaJhr than the diameter of the cap. Alter boring, the strip must be 

hardened by again making it red-hot, and then suddenly phmging it in 
cold water. Now place the needle upon a small sheet of red-hot iron, 
when it will first turn yellow, and then gradually blue. When this occurs, 
dide it ofT the iron into cold water. This is called tempermg* 

(d) Fasten the cap, with a trace of glue, in die hole, so that it is 
perpendicular to the needle^ and then 
put it aside to dry. 

{e) Make a support by gluing a 
cork to the centre of a board (6" x 3" 
X \ "), and then passing the eye of 
a tine sewing-needle into the cork. 
Take care that the needle is quite 
vertical (Fig. 9). 

i f) Bore a hole, sufficiently large 
to admit the glass cap, in the base 
of the support. Place the needle on 
the board, with the cap in the hole, 
and remagnetise it. This is best done by separate touch. 

£zp. 7. Place the needle on its support, and notice that it sets itself 
in a north and south direction.* 

Action of Magnetic Poles on each other.— Exp. 8. 

Suspend a magnet in a wire stirrup. Mark the end which points north- 
wards with a piece of gummed paper, (i) Bring the marked end of 
the magnet near the N-seeking pole of the needle. Observe that re- 
pulsion takes place. Therefore, two N-seeking poles repel one another. 
(2) Bring the marked end near the S-Pcekini^ pole of the needle. Attraction 
ensues. Therefore, a N-seeking and a S-seeking pole aiuact. (3) Repeat 
these experiments with the unmarlced end. 

These results enable us to state the 

first law of magnetism — like poles repel 

one another^ unlike poles attract, 

Position of Poles. — ^Bzp. 9, io find 

the position of the poles of a magnet. Draw the 
outline (length and breadth) of a bar magnet 
on paper. Place the magnet over it, and then 
bring a small compass-needle near one end. 
Mark the position of both ends of the needle. 
Move the needle to the other side of the 
magnet, and again obtain the two positions. 
Remove the magnet, and draw lines through 
each pair points. The poles will be situ- 
ated very nearly at the point of intersection 
of the two lines (Fig. lo).^ Repeat these 
operations at the other end of the magnet. 

The positions of the poles of three magnets were found 

* In these experiments care must be taken that the needle is removed 
from the influence of other magnets and of pieces of iron. 

» Of course, in the magnet itself the poles are in the mtenor, and just 

over the point of intersection. 




Fig. la 
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(a) by this method, and (d) by iron-filings (see Exp. 29), with 
the following results : — 



Length. 




Distance ofpole 
Irmb end* 


31*3 centimetres. 
107 


3 centimetres. 
1-8 „ 

2 M 


1 7 centimetre. 

1*15 » 
•5 



These results are important^ as the axis of a magnet is the 
distance between the poles^ and not the length of the magnet. 

The Eartli a Magnet. — The direction, which a horizon- 
tally suspended magnet takes, is due to the fact that the earth 
itself is a huge magnet, having its magnetic poles compaia- 
tively near the geographical poles. From the law just enun- 
ciated, like poles repel, unlike attract,** we can easily perceive 
that if we term the magnetism at the north pole of the earth, 
north magnetism, that at the pole of the magnet which points 
to the north, must be south magnetism. In fact, Sir William 
Thomson designated the N-pointing pole of a magnet, the 
true south pole. According to common usage, however, we 
shall adopt the term north-seeking to denote the pole which 
turns northwards. 

An approximate representation of the magnetic condition of 

the earth can be made by placing a 
bar magnet within a wooden globe, 
so that the centre of the magnet co- 
incides with the centre of the globe. 
Its S-seeking pole being about 17^° 
to the west of the point which repre- 
sents the geographical north pole.^ 
This will be understood by refer- 
ence to Fig. II, in which £ Q 
represents the geographical equator, 
and £ Q' the magnetic equator. 
The Earth's Aetlon on a 

.Magnet is merely direotive. — ^Bxp. la Pass a small magnetised 

' Approximately true iu 1892. 




Digitized by Google 



Magnetic AttracHm and Repulsion J 

knitting-needle through a cork so that the ends project. Place it on watci 
contained in a vessel. Observe that the N-seeking pole tams towards the 
north magnetic pole of the earth, but that there is no movanent towaids 
the side of the vessel. 

The size of the earth is enormously great as compared 

with that of an artificial magnet, so that the attractive force 

exerted by the earth's north magnetic pole upon the magnet's 

N-seeking pole, is equal and opposite to the repulsive force 

exerted on the S-seeking pole ; and the attractive force exerted 

by the south magnetic pole of the earth upon the S-seeking 

pole of the magnet is equal and opposite to the repulsive 

force exerted upon the N-seeking pole. The total effect of 

these forces upon the poles of the magnet is therefore 

equivalent to a couple^ one force acting towards the north 

magnetic pole of the earth, and the other towards the south 

magnetic pole (see p. 29). 

Magnetic Meridian.— The magnetic meridian of any 

place is the imaginary plane drawn through the zenith (the 

point in the heavens immediately overhead), and the magnetic 

north and south points of the horizon*^ 

Xqp. 11. Suspend a magnetised kidtting-needle by means of a fibre of 
raw silk, and allow it to rest jttst i^ve a table. Mark the position of 
the two ends of the needle. Remove it, and draw a line joining these two 
points. This line is the intersection of two planes, via. the magnetic 
meridian and the surface of the table. 

No Isolated Poles. — Exp. 12. Harden, but do not temper, a 
piece of watch-spring. Magnetise the hardened steel by single touchy 
and then show that one end contains a K-sedkxng pole, and the other a 
S-teekiiig pole. Mark the former with gummed paper. Break the newly- 

n^^gr« -m ^^m ^ n m^^ j n.^^^s 

Fig. Z9. 

made mi^et into two pieces, and prove that each piece is a perfect magfnet. 

In fact, \vc shall find that (r) we obtain complete and perfect mai;ncls if 
the magnetised strip of steel be broken into any number of pieces (Fig. 12), 
and (2) it is impossible to obtain a magnet with otie pole only. 

The usual method of explaining this fact is on the supposi- 
tion that an iron or steel rod consists of an immense number 

' The geographical meridian of any place is the plane passing tiirongh 
the zenith, wad tturough the ge(^raphical north and south poles. 
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of molecules, so small that they cannot be further divided by 
physical means, and which after magnetisation become polar- 
ised in such a way, that their N-seeking poles are all turned 
in one direction, and their S-seekiog poles in the other. I( 
there fore, the magnet be broken across at any point, one £ice 
of the fracture must be N-seeking» and the other S-seeking. 

Theories of MagnetiBm.— (i) The assumption made in 
the preceding paragraph, that all the molecules of a magnet 
are themselves perfect magnets, which are arranged end to 
end, so that the N-seeking poles all point in one direction, 
and their S-seeking poles in the other, is called the physical 
theory of magnetism. The truth of this supposition is 
borne out by the following experiment 

£xp. 18. PartiaUy fill a small test-tabe with steel filings. Holding the 

lube horizontally, magnetise it by single touch. Observe that the filings 
set themselves end to end, having their longest directions parallel to the 
length of the tube (Fig. 13). (a) Without disturbing the arrangement. 




Fig. 13. 

bring the tube near a horizontally suspended nmq;nctic needle, and notice 
that one end of the tube attracts one pole of the needle and repels the 
other. We^ therefore, conclude that the filings form a magnet, {b) How 
distuH) the arrangement by shaking the tube, and test again. Observe 
that no ri^uUioH occurs, i,e, the filings have lost their magnetism. 

(2) A more satisfactory explanation of magnetism is that 

proposed by Ampere. According to this theory, each mole- 
cule of iron has a current of electricity circulating round it ; 
before magnetisation these molecules (and hence the currents) 
are arranged irregularly ; during magnetisation they are made 
to move parallel to one another; and as the magnetisation 
becomes more perfect, they gradually assume greater paral* 
lelism. 

The direction in which the currents move depends, of 
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course, upon the point of view at which we tegard them. If 
we look at the N-seeking pole, they move in the direction 

opposite to that of the 
hands of a watch (Fig. 
14, A); while, if we 
look at the S-seeking 
pole^ they move in the ^ 
same direction as the 
hands (Fig. 14, B). 
More detailed infor- 
mation on this theory 
will be given in Voltaic 
iilectricity.* 

Consequent Poles. — Owing to irregular and ini|)ertcct 
magnetisation, a magnet sometimes contains more than two 
poles. In such a case, the bar really consists of several 




Fig. 14* 





Fig. 15. 

magnets placed end to end, having their similar poles together 

at intermediate points, as shown in Fig. 15. The extra poles 
are called intermediate poles, consecutive poles, or 
consequent poles. 

The presence of consequent poles in a magnet is generally 
due to accidental causes ; they may, however, be produced at 
will by several methods, of which the following is one : — 

Szp. 14. Place like poles of two bar magnets at the middle of a strip 
of steel, draw them simultaneously to the ends, lift, and place them again 

at the middle. Repeat this operation a few times, and then show, by 
placing the strip in iron filings, that there are three poles— one near each 
end, and the other at the middle. 

Magnetic ShiellB. — The distribution of magnetism along 

' The iivo-Jluid theory deserves a passing mention, as it is capable, to 
a certain extent, of explaining magnetic phenomena. The property of 
these fluids was snpposed to 1^ sudi that they were mutually attractive 
and self-repellent. when they were combined in a body it was nn- 
magnetised ; when separated, it became a magnet. 
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a bar, already spoken of, is called sokmndal distribution. We 
may, however, have the magnetism distributed over a thin 

sheet, so that one face contains N-seeking magnetism, and 
the other S-seeking magnetism. This is known as iatnellar 
distribution, and the magnetised plate is known as a magnetu 
shell. 

Magnetic Substances. — Mutual magnetic attraction 
does not take place between magnets and all bodies. Those 
substances, which have the property of attracting and of being 
attracted by a magnet, are called magnetic bodies. Be- 
sides iron and steel, the lollowing bodies are recognised as 
magnetic — cobalt, nickel, chromium, manganese, and cerium. 
Of the latter, cobalt and nickel are the best, but even they 
are distinctly inferior to iron or steel in this respect Many 
other bodies, e.g, paper, porcelain, oxygen, and certain salts of 
iron, sure feebly attracted by very powerful magnets (see pp. 
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CHAPTER IL 



INDUCTION, 

Induced Magnetism. — Exp. 16. Place a piece of soft iron cither 
in contact with or near one pole of a magnet. Bring iron filing to the 
lower end of the iron, and observe 

that they cling in a toft (Fig. i6). / ==:£p^^ ^~-=i^- J - - ^ 

Remove the magnet, the filings im- /BMiiiMi^nimm mhh / 

mediately fall. ^^^^^"^^"^^ 



1 



Fig. i6. 



Tile magnetism thus com- 
municated to the iron is called 
induced ??iag?tetistn ; the magnet 
communicating it is called the 
inducing magnet ; the action is known as magnetic induction. 

Nature of IndUOed Polarity. — Exp. 16. Cover a honzon- 
taUy suspended magnetic needle with a beaiker. 

(a) Place a magnet, N (Fig. 17), in such a position that its N*seeking 
pole does not appreciably re^el the N-seeking pole of the needle. 




{i>) Bring a soft iron rod, R, between the magnet and the needle. Obsenre 
that the N-seeking pole of the needle is immediately repelled. 

We infer, therefore, from this experiment, that the end of 
the rod near the needle acquires N-secking polarity under the 
influence of the magnet, the other end becoming, of course, 
S-seeking, Le. a magnetic pole induces opposite polarity in the end 
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of an iron rod near to it^ and similar polarity in the end retnoit 
from it, 

Kxp. 17. Repeat the h'^t experiment with two or three smaller iron rods 
between the needle and the mi^gnet, and observe the repulsion. 

We, therefore, learn that the Inductive influence takes place 
through a series of iron rods. 

Sl^ 18. Obtain a number of small, wrought (soft) iron nails. Support 

one on the end 'of a strong magnet. 
Place another on the free end of this, 
and so on. This forms what is com- 
monlj caUed a magtutuehain (Fig. i8). 

As will be understood from 

the figure, the N-seeking pole 
of the magnet induces S-seek- 
ing magnetism in the point of 
the first naily and N-seeking in 
the head; this again induces 
S-seeking in the point of the 
next, and so on through the whole series. 

Exp. 19. Show, b^ using a magnetic needle, that the polarity of the 
free end of the series is similar to tbit of the inducing pole. 

Keepers and Armatures. — ^When magnets are not in 
use, it is customary to place pieces of soft iron, called keepers^ 
across the poles, in order to preserve the mag- 
netism. Bar magnets should be arranged parallel 
to each other, having their opposite poles adjacent 
The keepers A B are then placed as shown in Fig. 
19. The reason of this preservative power will be 
understood by reference to Fig. 19. Consider 
the N-seeking pole of one magnet It has on 
two sides of it S-seeking poles — one induced in 
the keeper, and the other possessed by the second 
magnet These opposite polarities, therefore, 
attract each other and so tend to preserve that 
arrangement of the molecules which was brought 
about during magnetisation. 
A piece of lodestone is usually irregular in shape ; it is, 
therefore, necessary to grind it, so that the two faces containing 
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the pdes A B (Fig. 20) may be parallel. Each face is then 
fitted with a soft iron i)late— commonly called the armature 




'iS^-'^^ W-^^^ / ■■■■ ■■ ■> 





F16. Fig. 31. 

^having a projecting foot a ot h (Figs. 20 and 21). Bzass 
caps — one at the top and the other just above the feet — 
bind the armatures in their places. The keeper ^ ^ is then 

added. 

Retentivity. — There is a marked difference between steel 
and iron, with regard to (i) the difficulty of magnetisation, and 
(a) the retention of magnetisation. This difference may be 
easily shown by the following experiments, 

Zxp. 20. Form a mt^netic cliain with pieces of wdl wrought {i.e, very 
soft) iron. Remove the magnet from the uppermost piece, and observe 
that the others fall away. Test one of the pieces by brinr^in^ it near both 
poles of a magnetic needle. There is no repulsion, and, therefore, the pieces 
of iron were temporarily magnetised. 

Sqp. SI* Now form a chain with pieces of steel {e,g, steel pens). When 
the magnet is removed from the uppermost piece, the others do not drop 
off, i.e. steel is said to retain its vs\2.^nii^\%m. permanently. 

£zp. «22. Break a steel knitting-needle (four or hve inches long) at the 
middle. Raise both pieces to a white heat. Plunge one in cold water to 
harden it, and allow tne Other to cool slowly in order to keep it soft. Dip 
both pieces in iron filings and then bring a magnet in contact with the 
Dthcr ends. Notice that on withdrawal, the mass of filings attached to 
the hard iron is smaller than that attached to the soft iron. Remove the 
magnet, and observe that most of the filings adhere to the hard piece, but 
that they drop off the soft piece*- 

1 lie diiference between steel and iron in taking up and 
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letaiiuiig magnetism is due to the fyict that steel possesses what 
is known as a higher foerche force or reUnHvHy than soft iron. 
Retentivity may therefore be defined as the power which resists 

magnetisation or demagnetisation. The retentivity of soft iron 
is very small ; that of steel is very great. It must, however, 
be borne in mind that this power is never entirely absent even 
in the softest iron, and that even after the temporary magnetism 
has disappeared, a small amount always remains. This is 
known as residual magnetism 

InduotioxL precedes AttraotioxL— We are now in a 
position to explain more clearly why mutual attraction takes 

place between a magnet and a mag- 
netic substance. In Fig. 22 a small 
piece of soft iron is suspended by a 
thread. When the N-seeking pole 
of a magnet approaches the iron, 
induction is set up, the near side of 
the iron acquiring S-seeking polarity 
and the remote side» N-seeking. 
Attraction, therefore^ takes place between the two opposite 
polarities and repulsion between similar polarities. The dis* 
tance between ilie two opposite poles is, however, less than 
that between the two similar poles, and as the forces of attrac- 
tion and repulsion vary inversely in the square of the distance 
between the magnets (see p. 25), the attractive force overcomes 
the repulsive force. 

Influence of Medium. — Exp. 23. Magnetise a knitting-needle 
(two or three inches long), and suspend it horizontally by a fibre of nw 
silk. If moved from its position of rest, it will make a certain number of 
oscillations in a fixed time — say one minute. If, however, the N-secking 
pole of a magnet be brought towards the S-seeking pole of the needle after 
the latter has been moved from rest, it will make a greater number of 
osdtlations than before. Count the number of oscillations made in one 
minute, when a large sheet of glass, cardboard, a wooden board, or even 
the body is interposed between the needle and the magnet. The distance 
between the two magnets being constant in each case, observe that the 
number of oscillations are equal. 

Siq^. 94. Now intorpose a large sheet of soft iron. Observe that the 
number of oscillations made by the needle in the same time is less than that 
in the last experiment. If the iron were quite soft and very thick, the 
number would auproximate to that obtained when the needle oscillated 
under the earth's mflnence alone. 
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It appears, therefore, that magnetic force acts across all 
media, except iron and the other magnetic substances, and 

that they, or rather the ether which surrounds the molecules 
of the medium, directly transmit the force from one point to 
another. 

Coefficient of MagnetisatioxL — When a magnetising 
force induces a high degree of magnetisation in a body, that 
body is said to have a high coeffUUnt of magneHsaiian^ so that 
we may say Uiat a magnetic body has a high or low coefficient 
of magnetisation when a magnetising force induces a hi^^ or 
low degree of magnetisation in that body. 

Methods of Magnetisation. — There arc several methods 
of magnetising bars of steel : — 

(1) by inductive action of permanent magnets; 

(2) by inductive action of electro-magnets ; 

(3) by inductive action of the earth ; 

(4) passing currents of electricity round them. 

The first of these methods is sub-divided, according to the 
mode of rubbing the bar, under three heads — 

(fl) Single touch ; 

ip) Separate, or Divided touch ; 

(t) Double touch. 
The methods of single and separate touch have been described 
in Experiments 5 and 6. An explanation of the action will 
now be ^ven. 

Sxplanation of Sin^e and Separate TouelL— We 

have learnt that the molecules of a magnet are so arranged 
that their N-seeking poles all point in one direction, and their 

S-seeking poles in the other ; and that the magnetisation of, 
say, a bar of steel consists in causing the molecules to have this 
definite arrangement. Suppose, therefore, that the N-seeking 
pole of a magnet be placed on a bar of steel ; at the point of 
contact, S-seeking polarity will be induced in the end of the 
molecules near the inducing pole^ and N-seeking polarity in 
die remote end. As the N-seeking pole moves along the bar, 
the molecules, which have been thus acted on, rotate so that 
their S-seeking poles are turned in the direction towards which 
the inducing pole is moving \ thus, when the N-seeking pole has 
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passed over the entire length of the bar, the N-seeking poles 
of the molecules will all be turned towards the end of the bar 
where the movement began, and the S-seeking poles towards 
the end where the movement terminates. Every time the 
magnet moves along the bar^ a disturbance of the molecular 
arrangement occurs ; and it appears strange that several rub- 
bings should be more efficacious than a single one. The reason 
probably is, that each stroke gives greater freedom to the rota- 
tion of the molecules, so that the last stroke has a greater 
effect than the first one ; or it may be, that all tlie molecules 
of the bar have not time to set themselves "end on" under 
the influence of one rubbing. 

Magnetisation by Single Touch is suitable only for magne- 
tising small bars, such as compass-needles. Unless great care 
is taken, there is a tendency to produce consequent poles. The 
method of Separate Touch probably produces the most regular 
magnets. 

It can easily be shown experimentally that, even if there is 

a to-and-fro movement of the magnetising magnet, the effect of 
the first stroke, explained above, is not undone by the second 
and opposite stroke. Perhaps this is due to the fact that the 
molecules are unable to completely recover from the position 
in which the first stroke places them. This probably explains 
the action of DoubU Touchy which consists of a to-and-fro 
movement 

Magnetisation by Double Touch Exp. 25. Pbcc the 

bar to be magnetised so that its ends rest on the opposite poles of two bar 
inagnet& Fasten a piece of wood between the opposite poles of two other 




bar magnets, in order to keep them at a constant distance from each other, 
and dien place them at the middle cf the bar, taking care that tiie poles 

are similar to those of the mac^ncts below (Fig. 23). Move the mati^nets to 
one end of the bar and then back to the other. Repeat this several times. 
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leaving off at the middle of the bar, so that each half has been nibbed 
an equal number of times. Turn the bar over and repeat the process. 

This method makes the most powerful magnets. It has, 
however, one disadvantage, viz. its tendency to produce con- 
sequent poles. 

The action may be explained as follows : — 

Suppose the magnetising magnets move from left to right, 
then the portion of the bar between the two poles will be 
acted on by the concurrent action of both poles. Thus a 
molecule between the two poles, N, S, will, by means of both 
polesy have north magnetism induced towards the right and 
south magnetism towards the left. The same action occurs 
when the magnets move in the opposite direction. For all 
parts of the bar not within the poles the action of the poles 
on the molecules are non-concurrent^ and it may practically be 
neglected in comparison with the concurrent action as the 
poles pass over the molecules. This, therefore, leaves the 
end of the bar to the right with N-seeking polarity. 

Magnetisation by Earth's Induction.— s^. 26. (1) 

Draw a horizontal line A B (Fig. 24) on a sheet of cardboard: make an 
angle A O C of 67r' with the line A B. 

(2) Place the cardboard in the magnetic meridian (see detinitioD, p. 7) 




Fig. ft4« 



FiG. S5. 



so that A lies towards the north ; then the line C D is pointing to the north 
and .south magnetic poles of the earth. 

(3) Place an unmagnetised bar of soft iron, e.g, a poker (Fig. 25}, on 
the line C D. 

(4) Strike it several times with a hammer. 

^ The approximate mdue at Greenwich in 1892. 
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(5) Bring the lower end of the bar near the N-seeklng pole of « 
magnetic needle. Notice repulsion, which ptoves thftt the bar is magnet- 
ised and that the end pointing downwards possesses N-seeking magnetism. 
If well wrought iron be used it will become magnetised immediately, even 
without striking. In this case it should be tested by bringing the N-seek- 
ing pole of the needle near the lower end while it lies in position. If cast- 
iron or steel be used it will take a longer time to acquire the magnetised 
condition. 

The reason of this will be* understood from preyious ex- 
planations. It may be observed that the position shown in 
Fig. 25 is not absolutely essential, for although this is the best 
position, a rod of soft iron will become magnetised even if it 
be held vertically — the lower end always becomes N-seeking. 

Magnetisation by an Electrio Current* — This method, 
although exceedingly important, will be merely mentioned here, 
as a knowledge of Voltaic Electricity is necessary before it can 
be rightly understood. 

Exp. 27. Wind a spiral coil of copper wire round a bar of soft iron. 
The turns of wire must neither touch each other nor the bar, so that, if a 
dose coil is made^ it is necessary to insulate each turn by using gutta- 
percha-, silk-, or cotton-covered wire, and even with cotton^covered wire it 
is advisable to coat it with molten paraffin. 

Connect both ends of the spiral to the terminals of a voltaic battery. 
Bring a piece of iron or steel to the bar, and observe that it Is attracted 
and supported. 

Magnetisation by Electro-magnets. — In the last 
experiment we made and used an electro-magnet, which 

merely consists of a core of soft 
iron, often of horse-shoe shape, 
round which a coil of insulated 
copper wire is wound. As we 
have learnt, the core is magne* 
tised during the passage of an 
electric current round the coil. 
This produces very powerful mag- 
Dets, and on this account they are 
frequently used to magnetise bars 
pf steel 

Ztp. 89. Hold an electro-magnet up 

right, or, as is the common practice with 
magnet-makers, fix it in a board (Fig. 
26). During ilie passage of the current, (i) move a steel bar from end to 




Digitized by Google 



Induction 



19 



end acroes one pole of the electro-magnet \ (2) move it in the opposite 
direction across the other pole. The reason of these movements wul be 
understood from previous explanations. 

Bestraotion of Magnetisation.— Magnetisation may 

be destroyed or weakened under the following circumstances : — 

(1) By arranging magnets, when not in use, with their 
similar poles adjacent. The tendency of each pole is to induce 
opposite polarity in the other, which, of course, weakens or 
destroys the original polarity. 

(2) By the earth's induction. The tendency of the eailii 
is to induce N-seeking magnetism in the lower end of the 
vertical or nearly vertical bar (see Experiment 26), so that if a 
magnet is placed with its S-seeking pole downwards, its 
polarity is weakened. 

(3) By rough usage, either wilful or accidental. Such 
treatment, no doubt, disturbs the molecular arrangement 
described on p. 8. 

(4) By making a magnet red-hot If it be only slightly 
heated, its original strength is regained on cooling. 

(5) By twisting the magnetised rod. 

Bffeots of Magnetisation. — (i) When an iron or steel bar 
is magnetised it becomes very slightly longer. This increment 
is very slight, for even when a bar is magnetised to its maxi- 

mum, it merely amounts to of its original length. 

' ^ 720,000 ° ® 

There is no increase in volume, this expansion being entirely 
different from the expansion of metals by heat, so that a rod 
during magnetisation diminishes in thickness as it increases in 
length. The explanation of this increment in length depends 
upon the fiict that the molecules of an iron rod, during magne- 
tisation, set themselves with their longest directions parallel to 
the length of the rod (Exp. 13). 

(2) A faint click is heard in the bar at the moment of 
magnetisation and demagnetisation. 

(3) Heat is produced when a bar is rapidly magnetised and 
demagnetised, apparently pointing to the conclusion that 
friction is set up between the molecules of the bar dtuin^ 
magnetisation. 
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(4) During magnetisation a twisted iron bar tends to untwist 
itself. 

Magnetic Saturation. — The degree to which a bar can 
be magnetised depends on the kind and temper of the steel, 
and upon the strength of the inducing magnet Many of the 
methods which have been described will induce more mag- 
netism in a magnet than it can retain permanently, ie, it will be 
supersahtraied. In a very short time, however, it sinks to its 
maximum permanent magnetisation; it is then said to be 
saturated. 

Exercise I. 

1. A j;Ia?s tube Is nearly filled with unmaqTietised Iron filings, stroked 
with the south pole of a magnet, and then shaken. If the end last touched 
by the magnet is brought near to the north pole of a compass needle (a) 
after the stroking {b) after the shaking, how w31 Uie magnet behave in 
each case? Give reasons. 

2. A compass-needle is suspended at the centre of a circle drawn on a 
horizontal table. A magnet is moved round the compass so that its centre 
ahrays lies m the circle^ and that its length always points magnetic east 
and west How and why will the position of the compass-needle change 
as the magnet is carried round it? 

3. A light wooden rod, a foot long, is balanced at its centre on a fine 
pivot, so as to turn freely in a horizontal plane. If a magnetised sewing- 
needle is stuck through one end of the lod horizontally, and at i|ght angles 
to the rod, and balanced by a small ooonterpoise at the other end, how 
will the rod set itself? 

4. Six magnetised sewing-needles are thrust through six small pieces of 
cork, and are then floated near together on water, with their N-seeking 
poles upwards. What will be the raect of holding the S-seeking pole of 
a mi^net above them ? 

5. What is meant by the term consequent poles ? How do they arise ? 

6. The north pole of one magnet and the south, pole of another are placed 
in contact with one end of a rod of steel, and drawn to the other end, being 
prevented from touching each other by a piece of wood placed between 
them. Explain the magnetic state of the various parts of the steel rod at 
the moment when the piece of wood ha.« reached its centre. 
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CHAPTER III. 

FIELD OF MAGNETIC FORCE. 

Magnetic Field and Lines of Force. — The space 
surrounding a magnet through which its influence extends is 
called the magnetic field of that magnet At every point in 
the field the magnetic force has a definite strength depending 
upon the distance from the poles; and it has a well-defined 
direction at every point, as indicated by what is called the 
line of force passing through the point* 

Exp. 29. Place a sheet of cardboard on a ma^et. Sprinkle iron filings 




Fig. 27 • — Arrangement about a Single Bar Magnet. 



from a muslin bag over the cardboard. Gently tap the cardboard as the 
filings fall, and observe their arrangement along certain curves (Fig. 27). 

These curves represent the lines of force^ or as they are 
more correctly called the lines of induction^ for each particle 
of iron assumes a definite direction, due to the inductive 

* The actual direction of the magnetic force at any point is a tangent 
to the line of force at that point. 
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action of both poles of the magnet Tapping the card-board 
merely facilitates the arrangement of the particles. 

30. Obtain the curves with the magnets arranged as shown in 
Figs. a8 to 33. 

When two bar magnets are used, the appearance of the 
filings depends upon the manner in which the poles are placed 
with respect to each other. 

Observe how the filiDgs arrange themselves with their 
lengths directed towards two pomts situated near the ends 
of the magnets. These points are the poles. 

A permanent record of these pictures may be obtained by 
pouring over the filings a weak solution of gum, which, on 
drying, fixes them in their places; or by using a solution of 
potassium cyanide, which, combining chemically with the iron, 
forms a precipitate of Prussian blue. In either case it is 
advisable to place the paper on a sheet of glass. 

Laws of Magnetio Force, (z) Idke magnetic poles 
repel one another^ unlike magnetic poles attract. 

(2) The force exerted between two magnetic poles varies 
directly as the product of their strength and inversely as tJie 
square of the distance between them. 

The latter law is of extreme importance, and is often 
spoken of as the law of inverse squares^ Adopting the defi- 
nition of unit pole given in the footnote,^ we may express this 
law m equational form, thus — 

x> m X m 

where F is the force in dynes ; 

m and m' are the respective strength of the poles; 

and ^ is the distance between them. 

Measaremont of Magnetic Force.— Three methods, 
by which the forces of magnetic attraction and repulsion may 
be measined, will now be given — 

* A magnetic pole h of ;/•;;// strength when, placed at a distance of one 
centimetre from a similar pole of equal strength, it is repelled with a force 
of one dyne. The strength of a pole is the amount of free magnetism {i.e. 
the number of units) in that pole, and it can be estimated by observing 
the magnetic force exerted upon other magnets. 
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Fig. 28.— Arrangement about two Parallel Bar Magnets with tiibir 

Dissimilar Poles adjacent. 




Fig. 29.— Arrangement about two Parallel Bar Magnets with their 

Similar FoUi adjac&nx. 




Fig. 30.— .-Vrrangement about a Horseshoe Magnet. 
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{a) by the Torsion balance, i.e, by balancing the force 
against the torsion of a wire ; 

{b) by the method of deflections, i.e. by observing the 
angle through which a magnet is deflected from the magnetic 
meridiaiL 

(^} by the method of OBOillations, le. by obsenrmg the 
number of oscillations made by a magnet when the force acts 
upon it. 

Coulomb's Torsion Balance. — By means ot the torsion 
balance Coulomb proved that the force of magnetic attraction or 
r^ulsion varies inversely as the square 0/ the distaitce. 

The construction of this instrument will be understood 
from Fig. 34- It consists of a glass case, having two 
apertures in tiie top (i) 
near the edge to admit a 
magnet A, the lower pole 
of which makes the mag- 
netic held ; (2) at the 
centre, into which a nar- 
row glass tube is fitted, 
provided with a brass 
cap. This cap, an en- 
laiged view of which is 
shown in the side figure^ 
consists of two discs — 
one, D, fixed to the tube, 
and havinij; its circumfer- 
ence divided into 360*^; 
the other, E, movable 
about its axis and pro- 
vided with a mark, ^, by 
means of which the number of d^xees can be read, through 
which it has been turned fiom the zero on D. A small mag- 
netic needle ^ ^ is suspended horizontally by means of a fine 
silver wire, which is attached to a cross-piece connected with 
two uprights on E. On the side of the case there is a gradu- 
ated scale, which shows the angle through which the needle a b 
turns. At the commeucemeut of an experiment, the mark on £ 

y 
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miut be opposite the zero on D, and the needle a ^ must point 
to the zero of the scale round the glass case, without the wiie 
being twisted. This is done by ascertaining the position of 
the magnetic meridian by means of an external magnetic 
needle, and then turning the instrument until the graduation 
marks, o° and i8o,° are in a line with it. The needle a b is 
then removed and replaced by a copper needle of equal 
weight, the cap being turned until this needle lies in the 
meridian^ When the magnetic needle is replaced, it rests in 
the magnetic meridian without any torsion on the wire. 

When the magnet A is introduced so that its downward pole 
is similar to that of the needle near to it^ repulsion occurs. 
This repulsion is balanced by (a) the torsion on the wire, and {b) 
the earth's directive force. The former depends on the angle 
through which the wire is twisted, according to the well-known 
law, the force of torsion (the force with which the wire is twisted) 
is proportional to the angle of torsion. The latter is also known 
when the twist on the wire is known/ and in order to ascertain 

this we must find the num< 
ber of degrees the cap £ 
must be turned to deflect 
the needle through be^ 
fore the magnet A is intro- 
duced. For this purpose 
let us consider Fig. 35, 
which represents the instru-. 
ment looked at from above. 
The small circle represents 
the torsion cap. 

Suppose that the cap 
has to be turned through 
an angle NOM (= A°) in 
order to twist the needle 
* through the angle N O a 

( = 8°) from the magnetic 
*^ meridian NS. Then the 

torsion on the wire = A^ — which balances the torsion S° ; 



hence the torsion on the wire for x° of deflection = 
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whence, the directive action of the earth for a deflection «° is 

(A — 
— g — j by fu 

In a particular experiment Coulomb found 

(1) that he had to twist the torsion cap 36^ in order to de- 
flect the needle i** from the meridian ; ue. the earth's directive 
action for a deflection of is measured by 35^ of torsion. 

(2) The magnet A was then introduced so tiiat its lower 
pole repelled the similar pole of the needle a b through 24°. 
The force which balances this repulsion = torsion on wire 

-4- earth's directive action 

= 24° -h 24 X 35" 

(3) The disc £ was then turned so as to bring the needle 
to half the distance, f>. the two poles are now 12** apart. 

This required eight complete revolutions, />. a twist of 8 x 360® 
= 2880^, and as the bottom part of the wire is twisted 12® more 
than the top, the torsion on 
the wire = 2880° +12** ^ 
= 2892.® The reason of 
adding the 12® to the 2880® 
will be seen by noticing 
the direction of the airows 
in Fig. 36. 

As before, the force 
which balances this repul- 
sion = torsion on wire + 
earth's directive 
action 

= 2892^+12 X 35° 

= 2892^ + 420"* 

= 33"*" 

Now 33x2 is nearly four 
times 864, theiefore, the 
result of halving the dis- 
tance makes the repulsive force four times as great. If the 
distance had been reduced to one-third, the repulsive force 
would have been found to be nine times as great. 
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Tabulating these results we have — 



Distance 


I 


2 


3 


4 


etc. 


Force of lepuldon 




I I 


I _ I 


I _ 1 




I 


3* 4 


3* 9 


4* i6 


etc 



t\e, the force of repulsion varies inversely as the square of the 
distance. 

To compare the strength of the poles of two similar naagnets, 
by means of the torsion balance, the distance between the pole 
of the needle and the poles to be compared must be kept 
constant 

For example, (x) suppose that a magnet pole of strength m 
be inserted, so that the needle is repelled through an angle of 
2o° It is then found advisable in practice to turn the torsion 
cap so that the angle is reduced. Suppose that to reduce the 
angle to 12° the cap must be turned through 180°. If the 
earth's directive force per degree is measured by 5° of torsion, 
then the force of repulsion is proportional to zSo° + 12'' + 
12 X 5** = «5a* 

\A.my,n^ {ni* bemg the strength of the needle) is pro- 
portional to 25 2^ 

(2) When a pole of strength tri is inserted, suppose that the 
cap is turned through 360° to keep the angle constant, then 
the force of repulsion is proportional to 360® -|- 12*^ 4- 12° x 5 

= 43*''- 

Le. ni X is proportional to 432*', whence 



m X ni* 


25a _ 


7_ 




432 " 


13 


m 


1 






12 





Exercise II. 

1. A force equal to the weight of four ounces is required to pull a small 
ball of soft iron from contact with one of the poles of a magnet A, and a 
force equal to the w ci^tii of nine ounces is required to pull the same ball 
off one of the poles of a second magnet, B. Show woat is the rdative 
strength of the poles of the magnets A and B. 

2. Two long magnets are placed vertically with their north poles (A and 
B) on the same levd as the north pole (C) of a compass needle, one being 
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magnetic east and the other magnetic west of C. If the compass needle 
is not deflected when the distance A C is twice B C, and if all the magnets 
are so long that the elfects of the south poles may be neglected, show what 
are the relative strengths of A and B. 

3. In a torsion balance it was found necessar}' to turn the torsion cap 
through 35°, in order to deflect the needle through 5°. What is the amount 
of tonkm per degree which meastires the earth's directive action ? 

4. The earth's directive action is measured by (P of torsion : through 
what angle must the cap be turned to twist the needle through 15®? 

5. When the N-seeking pole of the magnet is introduced into a torsion 
balance, the N-seeking pole of the needle is repelled through 30°. How 
much torsion must be put on to bring the needle hack to 15^ if the earth's 
directive action per degree is measured by 20° ? 

6. W^hen the magnet is introduced into a torsion balance there is a 
deflection of 12°. Through how many degrees must the torsion head be 
turned to make the distance one-half, if the earth's directive action is 5° ? 

7. If the earth's directive action were counterbalanced so that the force 
of repulsion between two poles is equal to the torsion on the wire only ; 
find how many degrees the torsion z-x\> must be turned to bring the needle 
back to 15°, after it had been repelled through 30°. 

8. Under the conditions mentioned in the last question find the number 
of degrees the torsion cap 
must be turned to bring the 
needle back to 10° after it 
had been lepeUed through 
30P. 

9. You are given two 
bar mat^iets, and you are 
told that the magnetic mo- 
ment of on« is twice as great 
as that of the other. How 
will you, by means of a tor- 
sion balance, test the cor- 
lectness of this statement ? 




Method of De- 
flections. — When a 
horizontally -suspended 
magnetic needle is de- 
flected from the mag- 
netic meridian, it oscil- 
lates under the action 
of a couple ^ (one force 
acting on the north- 
seeking pole n (Fig. 37), Fig. 37. 
towards the north mag- 
net pole of the earth, and the other acting on the south-seeking 

* A cou^ consists of two equal and opposite paxallet forces not acting 
m fl}e same stiais^t line. 
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pole X, towards the south magnetic pole), and finally comes to 
rest in the meridian. 

The force acting on each pole = strength of pole x hori- 
zontal component of the earth's intensity at the place (p. 62). 
Then, if P s force on each pole, 
„ M = strength of the pole^ 

„ H s horizontal component of the earth's magnetism^ 

we have P = ;//H. 
Now the moment ^ of the couple (which we will call G) 
tending to bring the needle mto the meridian 

=: the force on the pole « X perpendicular distance between 

the forces. 
= wH X A B (Fig. 37). (i.) 

The distance A B may be expressed in terms of the length (/} 
of the magnet, thus — 

OB = C« = On sin 

OA = Ds = Os sin 8 
OB + OA = (On + Os) sin a 
i\e, AB = sn sin 8 
= / sin a 

whence from equation (i.) G = PiU x / sin S 

H.sin^ (iL) 

This formula has been put into the latter form for the 
purpose of sunplifying it by the introduction of a new and im- 
portant definition — 

The moment of a magnet Is the product of the strength 

of 01U of its Jfoks and the distance beiiveen them ; i.e. — 

the moment (M) of the magnet = ml 
,\ from equation (ii.) G = M , H sin 3 

Whence, the moment of the couple tending to bring the 
needle into the meridian is equal to the continued product of its 

> The mometti of the couple is the product of the fotoe and the per- 
petidicaUr distance between tne forces. 
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magnetic moment (ml)^ the horizontal component of the earth's 
magnetism (H), and the sine of the an^ of deflation. 

This result is of great importance, and shonld be carefully 
remembered. 

Since sin S increases continuously as S increases from 

o** to 90°, it is clear that the moment of the couple gradually 
increases between the angles o'' and 90° ; i.e. between the 
positions wlien the needle lies in the meridian, and when it 
is at right angles to it. In the positions 3 = 0° and h = 90° 
we have 

at 0°, sin S = o /. G = o, 
and at 90°, sin S = i G = MH. 

Another important result must now be given. 

If a magnetic force, F» be applied at right angles to the 
meridian* the needle has then two couples acting upon it, 
one tending to bring it into the meridian, and the other to 

bring it perpendicular to the meridian. When the needle 

comes to rest, suppose it makes a deflection S (Fig. 37) 

under the action of the two couples. Then 

the moment of one couple = the moment of the other couple, 

(force in direction £W) x CD = (force in direction NS)xAB. 

F X CD = H X AR 

AB _ BO 
*...F = Hg5 = H-^ 

BO * 

but BO = Qn = = tan h 

whence F = H . tan S j 

or, in words, if a magnetic force acts at right angles io the 
magnetic meridian and produces a deflection S, // is equal to the 
product of the horizontal component of the earth's magnetism and 
the tangmt of tlie angle of deflection. 

Action of Both Poles of a Magnet on another 
Magnet. — ^Gauss proved that when both poles of a magnet 
act on another magnet (i> when the distance between the 
centres of the two magnets is great compared with the length 
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of the magnets), their action varied inversely as the euhe o( 
the distance between them. 

To demonstrate this, we shall first show that the force pro- 
duced by a magnet, at a poinf, is directly proportional to the 
magnetic moment of the magnet and inversely proportional to 
the cube of the distance between them, and afterwards we 
shall consider the action of one magnet on another. 

L When the axis of the magnet produced passes through 

the /otnl 

q ..'■""'^"L ^ ^ O^'S' 38) be 

* the point ; NS the mag- 

net, of which the length 
is 2/ centimetres, and the 
strength of each pole m units; the distance between the 
point O and the middle of the magnet ; 

then ON - ^ - / 

andOS = ^ + / 

m 

Now the force due to N = _ 



d — — mm » J 

Fig. 38. 



and n n S - 



m 



.% the resultant force = _ ly — ^ 

m{d±lf - m(d ^ If 
= (d^^Pf 
m, 4di 

but themoment (M) of the magnet ^ m.2l 

2M.d 

.'. the resultant force = _ 

Now, if half the length (/) of the magnet be very small com- 
pared with d, P may be neglected without making any appre- 
ciable diflfexence, so that we, then^ have 

2'M.d 2M 
the resultant force = = ^ , 



Digitized by 



Field of Magnetic Force 

!!• When the straight line drawn through the point 

bisects the axis at 
right angles (Fig. 
39)- 

In this case N 
and S are at equal 
distances from the 
point 0« 

Whence, applying 
Euc I. 47, we have F1G.39. 
0N''orOS'^ = ^2+/* 

ON or OS = V^*-f/' 




the magnitude of the force due to N or S =;t^ 



m 



Now, if the force due to N be one of attraction, that due 
to S will be one of repulsion, so tfaa^ by the parallelogram of 
forces, the resultant BO will be parallel to the axis of the 
magnet, 

li 6 be the angle each force makes with the axis, we have 
the resultant force = ' ^^1% • cos $ 

yioT OC = OS cos d = ^2 _^ • cos 0 
but BO = 2 OC 
/. BO = ^rqr/i • cos &J 

I I 

% m I 



Again cos ^ = = ^+7^' ^^"^"^ substituting. 



wehavethe resultant force = 



2 ml 
M 

if / be very small compared with 
the resultant force = 
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Instead of merely considering the forces dae to a magnet 
ai a painty we must now consider them acting on a small: 
magnetic needle, which is so placed that its .centre i& atwthe> 

point O (Figs. 38 and 39). 

I. Let the bar magnet (of lengLh 2/, and magnetic moment 
M) be placed at right angles to the meridian (Fig. 38), and let 
the middle of the magnetic needle lie on the axis of the mag- 
net produced, at a distance d from the middle of the magnet^ 
{d being great compared with 1^ Now we know that when 
a force acts at right angles to the meridian» 

F = H.tan5(p. 31) 
2M 

and we have just proved that F = 

2M ^ ^ 
whence ^3- s H • tan 0 

ue, 7t = — . tan 8 

H 2 

This formula is known as the Tangent (A) FosiUon of 
Oauas. 

II. When the bar magnet is <U r^ht an^ to the meridian^ 
(Fig. 39) and the centre of the needle is in the line which 

bisects the axis of the magnet at right angles, the distance d 

(from the two centres) being great compared with / (half the 
length of the magnet). 

Again, we have F = H . tan h 

and F = 

.•. = H . tan 3 

whence g = i/* . tan 8 

This is known as the Tangent (B) Position of OBmUL 

As the horizontal component of the earth's magnetism, at 
Greenwich, is -18 dyne, the magnetic moment of a magnet 
can be easily obtained by either of these methods. 

It is, however, necessary to apply these results in experi- 
mental work, so that we shall now describe the construction 
of an exceedingly useful instrument, called a Deflection Mag- 
netometer 
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To BCake a Deflection Magnetometer.— (i) The box a 

lEIg. 40) b made by gluing together four strips of wood— four and a quarter 




Fig. 40. 

indies long, and one and a half inches high. The sides are then glued 
to the bottom, which consists of a square piece of looking-^Iass. Small 

cubes of wood should be [;lucd in the top corners of the box, so that a 
square of window-glass may rest upon them to form the cover of the box. 

(2) Glue a small fiat cork B at the centre of the looking-glass, and 
insert a fine needle, point upwards, into' it. The needle must be fixed 
with great accnracy at the centre of the box. 

(3) Cut a piece of watch-spring to form a small needle (about i*5.c.in> 
long) of the shape shown in Fig. 41. 
Glue two fine pointers at right angles to 
the needle — these may be made of any 
light rigid body ; those used hy the writer 
are very fine glass tibres, made by 
heating glass tubing and then drawing 
it out. 

(4) Make a graduated scale as follows : 
—Construct a circle of two-inch radius 
on paper, and divide the circumference 
into one-de£^ee spaces. Reroove the cen- 
tral part of the paper, so that a ringt a . 
quarter of an inch w4de, is left. CHue 
this carefully to tlie l>ottom of the box. 

(5) Take a piece of wood four /ect 
long, two and a half inches wide, and 
about three-quarters of an inch thick, and Fic* 41 
cut a square groove at the middle to hold 

the box A (Fig. 40). The outstanding portions, F, may be called the amis* 

(6) Gum a strip of paper on each arm, and then graduate them, in 
centimetres, making the aeio under the centre of the box, and graduating 
outwards. 

Ezp. 31, to magnetise two pieces of steel to the same sti efis^th. Cut ^ 
two pieces of clock-spring, each piece being, say, eight and a half centi- ' 
metres long. Thoroughly harden them, and, placing them side' to side, : 
nu^netise them together. If this is done carefully the strength of the two ' 
magnets will be equal. To test them, arrange the magnetometer so that, 
when the pointers are at zero, the arms are in the magnetic meridian. 
Place one of the magnetised pieces across one arm, so that its oentre is on 
the middle line. Read the angles at both ends of the pointer— suppose 
they aie io|° and ii^ Reverse the poles of the magnet, and repeat these , 
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observatioiit-*suppose the anp^les are ii" and 11^°. Take the mean of the 
four readings — in this case il° — which gives the true deflection. 

Repeat these operations with the other magnet If the mean of the 
four readmgs i» the tame at before, the magnets aie of equal strength. 

If they axe foond to vaiy, magnetise the weaker one until the de- 
flections are equal. 

Exp. 32, io prove that the force exerted by a bar magttet does not depend 
merely uton Us strength, but also upon its lengthy i.e. the force is pro- 
ffirttimai to tki magftetie moment of the magnet, 

(1) In the last experiment, we found that the mean of the four deflec- 
tions for each magnet was 1 1°. 

(2) Now place the two magnets end to end, with their opposite poles 
together— of comae^ the distance being the same as in (i). A^n take the 
mean of the four readings. This, in an actual experiment with the two 
pieces of magnetised steel, was 21°. 

Both the deflections in (l) and (2) are produced by magnets of the 
same strength ; the greater deflection in (2) must therefore be produced by 
the greater length ofthe magnet. 

Exp. 33, to find the moment of a viajpiet by the A position of Gauss. 
Arrange the magnetometer so that the arms are at right angles to the 
meridian, and the pointer at zero. 

(a) Flaoe a short magnet on the arm which lies towards the east, and ob« 
serve the exact distance (which must be great compared with half the length 
of the magnet) between the middle of the magnet and the point of sus- 
pension of the needle, 

(1) Let the N-seeking pole lie towards the needle, and read the deflec- 
tions at both ends. 

(2) Reverse the magnet so that the S-teekii^ pole lies towards the 
needle, and again read the deflections. 

{Jf) Now place the magnet, at the same distance as before, on the arm 

which lies towards the west. Repeat (i) and (2). 

[c) Take the mean of the eight readings. This gives the true deflecti(Hl* 
\({) Repeat the eight observations at a difierent distance, and then 

apply the formula given on p. 34. 



In a particular experiment the following results weie given 
with a magnet 15 am. long : — 



Distance ' 
between 


Position of 
magnet. 


Deflections. 


Mean 
dftflcctioii. 


Natural tan- 
gent of mean 
deflectioB. 


Value of M. 


38 cm. 


El 

E2 

W I 

W2 


24I 25 

23 22§ 
2l| 22 

24i 25 


1 235 


•4348 


2147-3 


35 cm. 


E I 

E2 

W I 

W2 


30 30 

26^ 27 

30 30 


1 29*375 


•5628 


21717 
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Exp, 34, to find the moment of a magmt by the B position of Gauss. 
Arrange the magnetometer so that the arms are in the magnetic meridian, 
and ttepointer at zero. 

{a) Place a short magnet across the arm lying towards the south, and 
observe the exact distance between the centre of the magnet and the needle. 

(1) Let the N-seeking pole lie towards the east, and read the deflection 
at both Olds. 

(2) Reverse the magnet, so that the N>sedcing pole lies towards the 
nest, and again read the deflections. 

(b) Place the magnet across the arm lying towards the north. Repeat 
(i) and (2). 

{€) Take the mean of the eight readings. This gives die true deflection. 
Id) Repeat the eight obsCTvations at a different distance, and tlien 
apply the foimula^ 

With the magnet used in Experiment 33, the following 
lesults were obtained : — 



Distance 
between 
cntfes* 


Position 
of magnec. 


Deflectkmi* 


Mean 
deflectioiu 


Natural tan- 
gent of mean 
dcflectioa* 


Valm of M. 


38 cm. 

• 


S I 

S 2 
N I 

N2 


11 ll| 
llj II 

12 I2| 
12 12 


1 "-6875 


•2068 


2042*6 


35 cm. 1 


S I 

S2 

N I 

N2 


14 Ml 
14I 14 

15 IS 


1 14-6865 


*2620 


2022 



Comparison of Moments of two magnets by the 
method of deflections. 

Xip. S8» Airange the magnetometer for the A position of Gauss. 

(a) TalDB the mean of the eight readings mentioned in Experiment 33» 
with one magnet, which we will call A. Suppose that it is 20° 30'. 

{b) Take the mean of the eight readings with the other magnet, which 
we will call B. Suppose that it is 8° 15'. 

Moment of A tan 20° 30' _ '3739 

•1450 

2*6 , 

— nearly 



Then 



Moment of B tan 



8° 15' - 



Exercise IIL 

1. Astrught piece of watch-spring, six inches lonpf, is magnetised and 
laid on a flatoork floating on water. The spring is now bent until its ends 
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are two inches from each other, and they are 6xed at that distance by a 
piece of thread ; the spring is then replaced upon the cork. Compare the 
forces with which the spring tends to make the cork take a definite direc- 
lion in each case. ' ' ' 

a. A uniformly magnetised bar of brittle steel is broken into two pie(xs, 
one twice as long as the other, and the pieces are fastened together at right 
angles to each other. How would the combination thus formed set itself, 
under the action of the earth's magnetic force, if made to float on water ? 

3. A magnetic needle is suspended horizontally in the magnetic meridian. 
It is then drawn otft of the meridian (a) through 30^, and afterwards (jS) 
through 45*^. Compare the forces which act upon the needle to bring it 
again into the meridian. 

4. As jn question 3, if o = 30° and /3 = 60°. Compare the forces. 

t. If a = 30° 3 = 90^. Compare the forces. 
. A magnet pole of strength o is placed in a ma^^ietic fidd of strength 
•42 : what will be the force acting on the pole? 

7. A magnet pole of strength 7 experiences a force, of 2*9 dynes. 
What is the horizontal component of the magnetic field ? 

8. A veiy long vertical magnet of strength 150 is placed at a perpen- 
dicular distance of 10 cm. from the centre of a horizontal magnetic needle 
of length 5 cm. and strength 30. Find the moment of the couple acting 
upon the needle. 

9. A very long vertictl magnet is placed at a perpendicular distance of 
12 cm. from the centre of a horizontal magnetic needle of length to cm. 

and strength 13. The moment of the couple acting upon the needle b 6o. 
Find the strength of the pole of the long magnet. " , ■ 

10. Two bar magnets, the moments of which are in the ratio of 8 to 27, 
are placed with their centres 3 feet apart, their magnetic axes being in the 
same straight line, which is perpendicular to the magnetic meridian. If 
their north poles are turned towards each other, find the position which a 
small compass needle must occupy on the line joining the magnets in order 
that it may point in the same directiofi as if the magnets weie not there. 

11. A bar magnet suspended by a fine wire points north and south 
(magnetic) when the wire is not twisted. When the upper end of the wire 
is turned through 100° the magnet is deflected 30° from the magnetic 
meridian. Show how mudi the upper end of the wire must be turned to 
deflect the magnet 90° from the meridian. 

12. The lower end of a fine wire, which hangs vertically, is fastened to 
the middle of a straight steel magnet, so that the magnet is suspended 
horizontally by the wire. When the wire is without twist, the magnet 
comes to rest m the mimetic meridian, but when the upper end of the wire 
is turned once round, the magnet is deflected from the meridian through 
30° ; how much must the top of the wire be turned to make the magnet 
set at right angles to the meridian ? 

13. Two magnets A and B are in turn suspended horizontally by a 
vertical wire so as to hang in the magnetic meridian. To deflect the 
magnet A through 45° the upper end of the wire has to be turned once 
round. To deflect B through the same angle it has to be turned round 
one and a half times. Compare the moments of the two magnets. 

14. Two straight pieces, one three inches and the other five inches long, 
are cut from the same narrow strip of steel. After being equally magne- 
tised they are liung horizontally one at a time by the same fine glass thread 
so as to rest in the magnetic meridian when the glass thread is not twisted. 
On turning the upper end of the thread half round (through 180^) the 
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Aortcr magnet is deflected 10^ (ram the meridian. Show how much the 
upper end of the thread most be turned to deflect the longer magnet lo^. 

Moment of Inertia. — In order to understand our third 
method of measuring magnetic force, we must briefly describe 
the meaning of the term, moment of inertia. When a rigid 
body rotates or vibrates about an axis, all the particles of the 
bodjr are not moving with the same velodtjr; when a 
magnet vibrates about an axis through its centre, the particles 
at the end have a greater velocity than those near the aids. 
It is proved m books on Mechanics that the energy of such 
a system is represented by the expression ^a)"K, where K is a 
quantity called the moment of inertia of the body, and <i> is 
the angular velocity of the body. 

The moment of inertia is defined as follows : — If the mass 

emy partiek of a body be multiplied by the square of the 
distance from the axis of rotation^ the sum of these products is 
ihe^moment of inertia of the body about that cuds* We, there- 
fore, see that the moment of inertia of a body depends npon 
its mass and upon the way in which it is distributed. 

For the purpose of making certain magnetic measurements 
it is necessary to know the two following formulae : — 

(i) The moment of inertia of a rectangular parallelopiped 
(f^. a rectangular bar magnet), of mass m, and having its axis 
at the c^itre perpendicular to the surface which is contained 
by the sides a and h 



(2) The moment of inertia of a cylinder {e.g* a cylindrical 
bar magnet) of mass length /, and radius r, having its 
axis at the centre perpendicular to the axis of the cylinder. 



Method of Oscillations.^ — Before giving any experi- 
mental work on this method, it will be advisable to construct 
a simple and useful form of oscillation magnetometer, by 
means of which the oscillations of a magnet may be studied. 

Obtain a circular gbu8 dish A (Fig. 42), about six inches in diameter 
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and three inches deep. Cut a glass cover, slightly larger than the dish, 
having a bole (a quarter of an inch in diameter) drilled through the centre. 



Small pieces of wood should be glued to the cover to keep it in position. 
Take about five inches of glass tubing (half on inch in diameter) and fasten it 
over the hole in the cover. This can readily be done by using tihe cover of 
an ordinary deflagrating spoon, which consists of a circular brass plate C 
about three inches in diameter, having a hole at the centre, and provided 
with a circular brass collar. Fit the glass tube into the collar by means 
of a bored cork, and fasten the brass plate to the glass cover. Make a 
wooden cap D for the top of the tube, and fix a brass hook into it. 
Make a stirrup of copper-foil or zinc-foil E and suspend it by a fibre — or 
a few fibres, if a heavy magnet is to be oscillated — of unspun silk to the 
hook in the cap. It will be found advisable to make stirrups of various 
sizea in order to cany magnets of different shapes. 

When a magnet is balanced in the stirrup, it can be drawn 

out of the meridian by bringing another magnet carefully up 
to it. It will then oscillate about its position of rest, untii 
finally it again becomes stationary. 

Ex. 36, io prove ihat, although the extent of the oscillatioH groduaUy 
diminishes^ the time of performing each oscillation is the same. 

Suspend a magnet in a stirrup of a magnetometer and draw it aside 
through a small angle — say 8^ or lo^. Connt ttie number of oscillations made 
in one minute. Draw it aside through a larger angle — say 20°, and count 
the number made in one minute. Observe diat the nomtiers are the same 
in both cases. 

The time of vibration, however, depends upon several 
conditions — 



(i) If the moments of inertia (depending as we have seen 
on the mass and shape) of two magnets vary, the time of 
vibration varies. 



B 




Fig. 43. 
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X!xp. 37. (fl) Magnetise a knittinj^-needle and suspend it in a magnetometer* 
Diaw it aside and count the number of oscillations in one minute. 

(3) Pass eadh end of the needle into a cork, thus increasing the mass 
and changing tHediape, and count the number of vibrations in one minute. 
Observe that the number in the latter case is smaller than that in the first 
one, i.e, the greater the mass, the longer the time of Yibration* 

(2) If the force acting on a magnet vary, the time of 
idbration varies. Now, the force can be varied by altering — 

(a) the moment of a magnet, 

{p) the strength of the field of force. 

Xxp. 88. (a) Count the number of vibrations in a given time (say one 

minute) with a magnet A ; [b) Count them, in the same time, with a 
magnet B whose magnetic moment is greater than that of A. Observe 
Aat B gives a greater number of vibrations than A, therefore the time of 
vibration of B i« less than that of A. 

Exp. 39. Count the number of oscillations, in a given time, [a] when a 
small heavy magnet oscillates under the earth's influence alone; {b) when 
the strength of the field of force is altered by bringing the S-seeking pole 
of a long magnet near die N-seeking pole of we oscQlating magnet. 
Notice that in the second case the osoUations ate much more rapid, UM. 
the time of oscillation is diminished* 

We, therefore, learn, from Experiments 38 and 39, that by 
increasing the force, the time of vibration is diminished. In 
fact, the laws which govern the oscillation of a magnet are 
similar to those which govexn the motion of a compoimd 
pendulum. We now pzoceed to give an exceedingly important 
formula in magnetic measurement, which must be carefully 
temembeied'— 

where / = time in seconds of one oscillation/ 
K = moment of inertia of the magnet, 
M ^ magnetic moment of the magnet, 
H s horizontal component of the eartii's magnetism, 

squaring, we have^ = 
whence MH = 

' An oscillation, as here given, is the movement from one extreme 
position to the other. Some writers define an oscillatio n as a to-«nd*fro 

movement ; in this case the formula becomes / = 
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Comparative Value of the Horizontal Component 
of the Earth's Magnetism. — ^By aid of this formula we can 
obtain the comparative values of H at different places on the 
earth's surface. With the same magnet the moment of inerda 
and the magnetic moment remain constant, if care be taken not 
to use it roughly, or to vary its temperature greatly. 

Thus, at a place A, we have MH = (L) 

and „ „ B, „ MH = -j^ (ii.) 

H 

whence, dividing (i.) by (ii.), we have jf = ji 

r 11 whole time 

Again, the tmie of one oscillation := number of oscaiations 

i.e. the time of one oscillation varies inversely as the number 
of oscillations in a given time ; 

H 

whence ||> = ^ 

Comparison of Moments of Two Magneta by the 
Method of OaoillatioxL — ^The magnetic moments of two 
magnets of the same shape and weight can be compared at 
the same place by nsuig equations (L) and (iL) above, for in 
this case H and K are constant; 

M «• 
whence jj? == 7« = ^ 

GomparlBon of Strength of Poles of Two Long 

Magnets. — £sp. iO. Suspend a short thick magnetic needle (three 
quarters of an inch long) in the magnetometer. Disturb it from its position 

of rest by bringing up the pole of a magnet. Remove the magnet and 
count the number of oscillations made in a minute. Suppose there are 9. 
These oscillations are due to tiiie action of the earth, the force of whose 
magnetism is therefore measured by the number 9^ or 81. 

{a) Place a magnet A (sixteen or twenty inches long) in the magnetic 
meridian with its S-seeking pole l\ inch from the N-seeking pole of the 
needle. Suppose the needle now oscillates 30 times in i min. These 
oscillations are produced by the joint action of the earth's magnetism and 
that of the magnet A. The force is therefore measured by 30^ — 9^ s 8x9. 

{b) Place a magnet B similarly. Suppose the number of oscillations 
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In this case is 20 in l min. The force is therefore measured by 20^ -9' 
- = 3i9fl wbence 

gtrength of A 819 
strength of B ~ 

Bxplanation of Magnetio Curvefl.— Let N S (Fig. 43) 
lepiesent a long thm magnet, and let O be a point In the field 
on which the centre of a small magnetic needle n s lies, so that 




Fig. 43. 



SO = twice NO. Let the strength of the poles N and S be 
tepresented by ± 50, and that of n and j by ± 2. 
We hAve/amr forces acting on n viz. — 

OA, the attractive force between N and t = ^ — p — =- — 100 

(2) OB, the repulsive force between N and n = — = 100 

(3) OC, the attractive force between Sandn^ -T^SOX * 

a* 4 

(4) OP, the repnlrive forte between S and ^ g ^ g — 

2* 4 

OA : OD :: 4 : 1 

« ■ 

Take OD of any length, and OA four times as long. 
Complete the parallelogram and draw the diagonal OE. This 
line represents the magnitude and direction of the resultant 
force. Similarly 

OB :0C::4; i 

the resultant of which, OF, is equal and opposite to OE. The 
nis^etic peedle n, x. therefore sets itself in the direction of these 
resnltants, which forms a tangent to the magnetic curve passing 
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through O. In a similar fnanner we may ascertain the diiec- 

tions of the lines of force at any other point in the field 

Lifting Power of a Magnet. — The lifting power of a 
magnet must'not be confounded with its strength, for it depends 
both upon (i) the strength and (2) the form of the magnet 

Horse-shoe magnets lift a greater weight than bar magnets 
of the same size and strength, due to the fact that both poles 
act upon the weight The lifting power of a magnet is in- 
creased in a peculiar manner by gradually increasing the 
weight ; if, however, the weight be torn oflf the magnet, this 
extra power is at once lost 

The following formula has been given to find the lifting 
power (p) of a magnet, the weight of which is W — 

where a depends upon the kind of steel and the method of 
magnetisation* 

Magnetle Battery. — ^If a number of magnets, either bar 

or horse-shoe, be used, having their similar poles adjacent, 
they form what is known as a magnetic battery. 

Fig. 44 represents such a battery, in which there are twelve 
magnets — arranged in three sets, each set consisting of four 




FkG.44. 



magnets. Their similar poles are bound together by pieces of 
soft iron, A and B. 

Xntenaity of Magnetisatioii. — This is measured by 
dividing the moment of a magnet by its volume, and as the 

volume is the product of the sectional area and the length, 

X / tn 

themten8ity,I = ^ =~ 

the strength of pole divided by the area of cross section 
(see also p. 238). 

Exercise IV. 

I. A long bar magnet lies in the magnetic meridian, with its N-seeking 
pole towards the south. A horizontally suspended compass needle is placed 
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in the line obtained by producing the axis of the magnet. What effect will 

the sliding of the magnet towar(h the needle have on the time of vibration? 

2. A glass tube containing four similar pieces of hard steel, which just 
fill it when placed end to end, is suspended so that it can oscillate about 
its central point in a horizontal plane. What will be the nature of the 
diffiafenee (if any) in the times of oscillation when (i) the two outer pieces 
only, (2) the two inner pieces only arc magnetised, unlike poles being in 
both cases nearest together? Neglect the effects of induction, and give 
reasons for your answer. 

3. A magnetic needle, balanced horiaontally at Its centre upon a fine 
pivot, makes 11 vibrations in 2 mins. z sec. at a place A» and 12 vibrations 
m 2 mins. at a place B. Compare the strength of the earth's horizontal 
force at the two places, explaining clearly how you arrive at your result. 

4. Two magnetic needles oscillate in the same magnetic field. One 
SMkes 25 oscillations per minute, and the other 21 osdlutions per minutei 
Compare the intensities of the two forces. 

5. A magnetic needle was suspended in a paper stirrup by means of 
a fibre of unspun silk, and made 12 oscillations in 2 mins. It was removed, 
and lemagnetised. When suspended as befoiei and moved from its position 
of rest, it made 45 oscillations in 3 mins. Compare the strengths. 

6. A bar magnet, which can move only in a horizontal plane, is caused 
to vibrate at three different stations. A, B, and C. At A it makes 20 
vibrations in I min. sees ; at fi, 25 vibrations in Z min. 40 sees. ; at C, 
20 vibfatiotts in 2 mms. Find three nnmbeis proportional to the forces 
which act upon the maj^net at the three places. 

7. A small magnetic needle, suspended horizontally by a fibre of raw 
silk, makes 10 oscillations in i min. when under the influence ii the 
eaidi's action. When the S-seeking pole of a long magnet A is placed 
tfnee indies from the N-seeking pole of the needle, it makes 32 oscillations 
in a minute. Afterwards the S-seeking pole of another magnet B is simi- 
larly placed, and then the needle makes 25 oscillations in a minute. 
Compare the strengths of A and B. 

8. A small magnetic needle, suspended horizontally by a fibre <^ un- 
spun silk, makes 97 oscillations in 8 mins. 5 sees, under the earth's influ- 
ence. When the S-seeking pole of a long magnet A is placed a few 
inches from the N-seeking pole of the needle, it makes i6q oscillations 
hi 5 mins. ao sees. ; when, however, the S-seeking pole of a magnet B is 
amOarly placed, it makes 170 oscillations in 7 mins. 5 sees. Compare the 
Itrengths of A and B. 

9. A magnetic needle made 50 oscillations in 2 mins. 5 sees, under the 
earth's influence. When the S-seeking pole of a long bar magnet was 
hfoi^t 4 centimetres from the N-seeking pole of the needle, 120 oscil- 
lations were made in 3 mins. 20 sees. When the distance between the 
poles of the needle and magnet was 12 centimetres, it made 65 oscil- 
lations in 2 mins. 10 sees. Compare the force exerted by the bar magnet 
upon the needle in the two positions. 

ID, A short magnetic needle is observed to make 10 oscillations per 
minute, under the influence of the earth's action. When the S-seeking 
^le of a long bar magnet is placed near the N-seeking pole of the needle, 
It made 20 oscillations per minute. Compare the strength of the pule of 
the magnet with the horizontal component of the earth's magnetic force. 

II. Under the circumstances given in question 10, the needle made 
2! oscillations in 2 mins. 20 sees. When the S-secking pole of a niai^net 
was brought near the N-seeking pole of the needle, it made 74 oscillations 
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in 3 mins. 5 sees. Compue the strength of the pole of the magnet with 

tlie earth's horizontal component. 

12. A small magnetic needle, suspended horizontally by a silk fibre, 
makes 100 vibrations in 5 mins. 36 sees, under the influence of the earth's 
megnetiBoi onlyt and xoo vtbiations in 4 mins. 54 seqs. when a horizontal 
bar magnet is placed with its centre vertically below the needle, and with 
its axis in the magnetic meridian. Compare the magnetic force exerted 
upon the needle by the bar magnet when in tips position with that exerted 
upon the needle by the earth. 

13. A sh<»t horizontally suspended magnetic needle makes 20 oscilla- 
tions in I min. under the earth's action. When the S-sccking pole of a 
lonj; magnet is placed three inches from the N-.seeking pole of the needle, 
it makes 30 oscillations in i min. How many oscillations per minute will 
it make if the S-seeking pole of the magnet is placed six indies from it? 

14. In the last question, if the S-seeking pole of the magnet be removed 
to one and a half inches from the N-seeking pole of the ne^e^ what is the 
number of oscillations ? 

15. I suspend a short magnetic needle horisontally. When disturbed 
from its position of rest it makes 20 oscillations per minute. If the S-seek- 
ing pole of a needle be placed four inches from its N-seeking pole it makes 
25 oscillations per minute. How many oscillations will it make if the 
S-seeking pole b€ placed four inches from the S-seeking pole of the needle? 

[Force of the two S-seeking poles will be one of attraction, and is 
therefore eqnal in magnitude, but opposite in signt to the force of re 
pulsion.] 

16. A comoass-needle is placed on a table, and a bar magnet is laid 
on the floor below it, the centre of the bar magnet being straight under- 
neath the centre of the needle. When the N-seeking end of the bar 

magnet is northward, the compass-needle, after being disturbed, makes 
100 oscillations in 16 min. When the N-seeking end is southwards the 
needle makes 100 oscillations in 12 min. When the bar magnet is 
removed, so that the compass-needle oscillates under the influence of tb^ 
earth alone, how long will it take to make 100 oscillations? 

17. In magnetising a piece of steel by a permanent magnet it is required 
to ascertain whether the steel has been magnetised as strongly as possible. 
What ii the best way of doing this? 

18. A uniformly magnetised steel wire, six inches long, is laid upon a 
table ; a very short bit of soft iron wire is supported, so as to be free to 
turn about its centre, at a distance of six inches from one end and three 
inches from the other end of the magnetised wire. Show how to draw 
a figure which would give the direction taken up by the bit of sc^ iron. 
[The eflfect of the earth's magnetism is to be neglected.] 

19. A magnet is balanced on a fine point so that it can turn freely in 
a horizontal plane. When disturbed from its position of equilibrium it will 

' oscUlate from side to side. Upcm what does the time depend, taken by 
the magnet, to make one swing ? 

20. A bar magnet is laid at the middle of a circle on the iloor. Explain 
a method by which the direction could be found, in which a small compass 
needle placed at any point on the circumference of the circle would set 
itself. \T)[^ earth's magnetic action may be neglected in comparison with 
that of the magnet.] 

21. A rectangular bar magnet, 10 cm. long, is magnetised until the 
strength of its poles is 150. l ind the intensity of magnetisation if it has 
a sectional area of i sqiuaie centimetre. 
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CHAPTER IV. 

TERRESTRIAL MAGNETISM. 

The Sartb a Magnel — ^MeDtion has already been made 
that the earth is itself a magnet, and that it behaves as though 
a powerful bar magnet, whose poles are situated comparatively 

near the geographical poles, lay within its mass. Sir James 
Ross found that the magnetic north pole was situated in 
Boothia Felix, 96° 46' W. longitude, and 70° 5' N. latitude. 
The south magnetic pole has not yet been reached, but it is 
situated somewhere about 166^ £, longitude and 76° S. latitude. 

The polarity of the northern hemisphere is similar to 
that in the S-seddng end of a magnet, and is called northern 
or boreal, while that in the southern hemisphere is known as 
southern or austral polarity. 

Magnetic Elements. — To completely know the terrestrial 
magnetism at any place we must have a knowledge 
of— N N' 

(1) The declinations 

(2) The inclination | at that place. 

(3) The intensity ) 
These are known as the Urrestrial magnet 

ikmenis of the place. 

Declination or Variation.— Draw a line in 
the magnetic meridian (Exp. 1 1). 

(1) Let N (Fig. 45) be the point towards the 
north, and S that towards the south. 

(2) At any point O make an angle N O N' of 
about 17^^ ^ so that N' lies towards the east 

' As we shall learn, this angle varies at different places. This is the 
approadmate value in Iiondcm in 1892. 
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3. Produce N'O to S'. 

Then the line N'S' points to the true or geographical 
north and south poles. 

The angle NON' is the declination at the place 0» We may, 
therefore, define the declination at a place as the angle 
between the magnetic and geographical meridians, 

' Declination Compass or Declinometer. — To deter- 
mine the magnetic declination at any given place an instru- 
ment known as the declination compass or declinometer is 
employed. It consists of — 

{a) an astronoininal telescope L (Fig. 46), capable of 




Fig. 46. 



moving in a vertical plane about a horizontal axis resting on 
two uprights which are attached to 

{b) a brass box A B, containing (i) a graduated circle 
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M, the zero of which lies exactly under the axis (or more 
correctly, under the line of coUimation) of the telescope, 

and (2) a light magnetic needle a resting on a vertical 
pivot at the centre. 

(^) The box rests on a foot P, which is supported on three 
levelling screws S. 

(fC) A fixed, graduated, horizontal circle R» about which 
the box (and with it the telescope) moves. 

(/) A vernier fixed to the box, by which the number of 
degrees ore measured through which the telescope has been 
turned. 

if) Another vernier K, which, moving with the axis X, 
measures the inclination of the telescope to the horizon. 

Method of Determining the Declination. — {a) Make 
the declinometer horizontal by means of the levelhng screws 
S, and the spirit-level n* 

{b) Find the astronomical meridian. This may be done 
at noon by observing the position of the sun, for at that time 
the sun passes across the meridian. The diameter of the 
graduated circle containing the zero, N, is then under the line 
of coUimation of the telescope. 

{c) Read the angle between the end of the needle a and 
the point N. This is the declination. 

Sources of £rror.— (x) The axis of figure^ Le. the line 




Fig. 47* Fig. 48. 



joining the two ends of the needle, may not corrrespond with 
the magnetic axis^ ie. the line joining the poles. 

B 
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To oonrect this enDr, xeveise the fi^es of the needle hj 
turning that face towards the circle which was originally upper- 
most The reason of doing this will be understood from 
Figs. 47 and 48 ; for let N S be the astronomical meridian, 
a b the axis of figure, n the magnetic axis. 

In the first position (Fig. 47) the reading N.a is too small, 
the true declination being N m. 

After reversing the needle (Fig. 48) the reading Na is too 
' great, the true declination being N nu 

The true declination is, therefore, the mean of the two 
readings. 

(2) The error of centerings which is due to the point on 
which the needle rests not being at the true centre of the 
circle. 

This error is corrected by reading both ends of the needle, 
and then taking the mean of the two readings. 

Taking an easy example— suppose that the true declination 
is i8^ I( however, the axis on which the needle rests be at 




S' S 

Fig. 4^ 



O (Fig. 49), then the needle will rest in the position N S. If 
the angle N O N' be 19% tbenS O S' wiU be i?""— the mean is 
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Yarlatioiui In Deolination.— The dedination 
at different places on the earth's suifoce; At present it is 

west in Europe, but east in 
many places in Asia and in 
North and South America, At 
some places there is no decli- 
natioo, i*e. the geographical and 
magnetic meridians coincide. 
Fig. 50 will show Yeiy roughly 
why the declination has not the 
same value at all places. It 
must, however, be remembered, 
that this is merely a theoretical 
consideration; as the declina- 
tion at every place must be 
obtained by actual observation. 
Let N'OS' be the geographical meridian of the places O and A 

„ NOS n magnetic „ place O 

andNAS „ „ „ „ A 

Then ZNON' is the declination at O 
and ZNAN" „ „ A 

But NON' is the exterior angle of the triangle NAO, and 
therefore NON' is greater than NAN'. 

At the place B there is no declination, as it is situated on 
the geographical and magnetic meridians. 

The declination is, moreover, never constant even at the 
same place, in fact, the needle of an exceedingly delicate instru- 
ment is never at rest 

Such variations are of two kinds — 

(1) Regular, including secular, annual, and diurnal ; 

(2) Irregular or accidental. 

Secular VariatioxL — There is a gradual change in the 
direction of tbe compass needle at any particular place ; the 
needle at one time pointing to the west, and at another time 
to die east, of the true north. 

The following table shows the secular variation at London >^ 
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Yeaiw 



Declination* 



Year. 



.Declination. 



1634 
1657 
1705 
1760 



1580 




1816 
1868 
1882 
1889 
1890 



24° 30' W. 

20° 3V W. 
18^ 22' W. 



19" 3or w. 




We, thus, see that before the year 1657 the declination was 
east; in that year, the geographical and magnetic meridians 
coincided ; afterwards the declination became west ; and that 
the greatest westerly declination was reached in 18 16. At the 
present time the declination is slowly decreasing^ but only at 
the rate of about 7' per year. 

Annnal VariatioiL — ^The needle is also subject to small 
annual variations. In London, this variation is greatest at the 
vernal equinox, and smallest at the summer solstice, after 
which it gradually incrcvises during the next nine months. 

Diurnal Variation. — With very sensitive instruments 
the needle is observed to have a daily motion. In England, the 
N-seeking pole of the needle moves westward every day from 
.7 A.M. to about I P.M. It then begins to move eastward, and 
continues to do so until about 10 p.m. It approximately 
retains this position until sunrise^ 

Irregular Variations. — It sometimes happens that the 
needle is suddenly disturbed. These irregular and accidental 
disturbances are known as magnetic storms, and frequently 
accompany such natural phenomena as volcanic eruptions, 
earthquakes, and the aurora borealis. 

IfiOgonic and Agonic Lines. — Charts have been pre- 
pared on which places having equal declination are joined by a 
line. S\ich lines are called lines of equal d^inatum^ or isogonk 
lines. Similarly, the line joining places where there is no 
declination is called the agimic line (see Map, p. 53). 

Inclination or Dip.- Exp. 4S8. Fasten a fibre of untwisted silk 
to the middle of a steel knitting-needle. Cause the needle to hang 
horizontally, filing one end if necessary. Magnetise it by the method of 
separate touch, and observe that it sets itself in tiie magnetic meridian 
wuh its N-seeldng pde dipping downwards. 
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I%e angie thus formed between the horizon and the magnetic 
axis of the needle when the needle is freely suspended about its 
centre rfgravitj^^ is called the dif or inclination of the needle. 

The magnetic needle has taken this position owing to the 
action of two couples— one, acting in a horizontal direction, 
causes the needle to move into a magnetic meridian ; the 
other, acting in a vertical direction, causes it to dip. Consider 
Fig. which represents the forces^ due to the earth's action, 



acting on N — H' representing the horizontal componait, 
and V the vertical component. The resultant of these forces 
T is the total magnetic force of the earth, which, of course, is 
exerted in the direction taken by the needle. The angle / is 
the inclination or dip of the needle. 

The Dipping-Needle or Inclination Compass.— One 

form of the instrument for ascertaining the incUnation is shown 
in Fig. 52, which is, however, not sufficiently delicate for very 
accurate measurements. It consists of — 

(a) a graduated horizontal brass circle m, supported on 
three legs, which are provided with levelling screws ; 

{b) above this is a plate A, moving about a vertical axis, 
which supports 

(^) a vertical graduated circle M, upon whidi the dip is 
measured. This moves with the plate A, and is therefore 

capable of horizontal rotation. 



T 
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{d^ A magnetic needle ab^ supported on a horizontal axis 
at the centre of the giaduated dide so that it Is capable 
of moving in a vertical, plane; 




Fig. ss. 



{e) A spirit-level «, fixed to the plate A. 

Method of Determining the Dip.— (i) Level the 
instrument. This is done by turning the screws until tiie 
air-bubble lies in the middle of the spirit-level 

(2) Turn the plate A on the circle m until the needle is 
vertical. The plane of the needle is now at right angles to the 
magnetic meridian, because the horizontal component now acts 
at right angles to the plane in which the needle moves, so that 
its only effect is to increase the pressure on one support of 
the needle, and to diminish it on the other. The vertical 
component, therefore, acts alone, and causes the needle to rest 
Fertically. 

(3) Turn A through 90° on the circle m. This, of course, 
fadngs the needle into the meridian. 
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(4) {a) Read the angles between both poles and the hori- 
zontal line passing through its point of suspension. 

{b) Turn the needle so that the faces are reversed, and 
again read the two angles. 

(c) Remagnetise the needle so that the end which was 
N-seeking becomes S-seeking. 

(d) Repeat the readings (ti) and (b). 

5. The true dip is deteimined by taking the mean of the 
eight readings. 

Sonrces of Error. — The reason of taking the eight 
readings is due to the fact that there are several sources of 

error to which the instru* 
ment is liable. 

(i) The error of cat- 
fering, which is due to the 
axis, about which the 
needle moves, not pass- 
ing through the centre of 
the vertical circle. This 
error is easily obviated 
by reading the angle at 
both ends of the needle. 
The reason of this will 
be easily understood by 
referring to Fig. 53, in 
which a simple example is shown. 

Suppose that the true dip is 6o^ as shown by the dotted 
line. If, however, the axis pass through the circle at O, then 
the needle will rest in the position N S. If the angle BOS 
be 59^ then the angle AON will be 61°, the mean of which 
is 60°. 

(2) The axis of figure may not coincide with the magnetic 
axis, ue» the geometrical axis may not contain the poles. Tliis 
error is corrected by reversing the needle so that the iiace 
which lies towards the observer is turned towards the .instru- 
ment This will be understood from figs. 47 and 48, and the 
example thereon. 

(3) The axis, about which the needle moves, may not pass 




Fig. 53. 
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through its centie of gravity. This causes the angle da on 
the graduated scale (Fig. 52) to be either too large or too 
small; if the centre of gravity is below the axis of suspension, 




the force of gravity acting on the needle will make the angle 
too large, as in Fig. 54 ; if it be above the axis of suspension 
the angle will be too small, as shown in Fig. 55. 

To correct this defect the polarity must be reversed by 
lemagnetisatioDy each end of the needle receiving opposite 
magnetism to that which it had at first The dip is again 
observed, and the mean of the readings taken. 

(4) Friction between the supports and the axle of the 
needle must be diminished as much as possible. 

(5) An error may arise from improperly setting the vertical 
circle. This may be corrected by turning the instrument 
through i8o^ In this case the eight operations given above 
must be repeated on the other face of the circle^ and then 
the true dip is obtained by taking the mean of tiie sixteen 
readings. 

Constraction of a Dip Circle (Fig. 58).— A dip circle 
may be constructed on the following plan, and although 
the results obtained with it are merely approximate, the 
experiments will give us a practical insight into the methods 
usually adopted in accurately determining the dip at a place. 

(i) Cut two circular discs of cardboard, 10 inches in 
diameter. On each draw two diameters, A B, C D (Fig. 56), at 
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right angles to each other. With the centre O, describe two 
arcs, E F, G H ; the outer one being one inch, and the inner 
one zf inches irom the circumference. 

Describe similar arcs 
in the vertically opposite 
quadrant; and then with a 
very sharp knife cut out 
the portions shaded in the 
figure. Draw two diame- 
ters, M N, K L, to bisect 
the angles A O D, A O C. 
Now graduate the circum- 
ference AC, BD of the 
two quadrants as accurately 
as possible into one-degree 
spaces, marking the point 
90"^ where the dotted line 
K L meets the circumfer- 
ence. The points A, C are thus marked 45°, and M, N, 0° 
(see, also. Fig. 58). 

(2) Cut four pieces of looking-glass (6 inches long and 
2 inches broad), and glue them to the back of the cardboard, 
in the position shown by the dotted parallelograms. By this 
means ^e shaded space EG H F and the corresponding one 
in the vertically opposite quadrant are completely covered by 
them ; the mirror side, of course, is towards the graduated faces. 
Now glue the two discs, back to back, so that the diameters A B, 
C D on one face are similarly situated to those on the other. 

(3) Bore a hole through two thin small corks and insert in 
each hole a small piece of narrow glass tubing, having 
previously heated each end to remove the rough edges. Glue 
the corks to the cardboard circles so that the glass tubes are 
exactly at their centres. 

(4) Cut a board (12 inches long, 6 inches wide, and f inch 
thick) to form the base of the instrument Also cut two strips 
of wood (square in section) 6 inches long and \ inch wide. 
Make two square holes in the base — the outer edges of which 
are half an inch from each end of the board — to admit one 
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end of the strips. Having cut a groove down one side of 
each strip (i^ inches long and about \ inch deep) to admit 
and support the cardboard disc as shown in Fig. 58, glue them 
in their places. 

(5) Now fix the cardboard on the pillars so that 
the zero points are in a horizontal line. 

(6) Take two pieces of glass rod, soften one end 
of each piece in a blow-pipe flame, and while hot 
make an indentation as shown in Fig. 57. Fix these 
in the base, one on each side of the cardboard, so 
that if one end of a sewing-needle be placed in the 
glass tubing at the centre and the other rests in the 
indentation, the needle may be exactly horizontal and 
at right angles to the cardboard circles. 

(7) Cut a piece of clock-spring to form a lozenge- 
shaped needle, 9^ inches long. Drill a hole as nearly as 
possible at its centre of gravity. Using a small piece of solder, 
fasten a fine sewing-needle through the hole, one half pro- 



FiG. 57. 




Fig. sd. 



jecting on each side — this forms an axis at right angles to 
the strip. It will probably be found necessary to file one 
end of the lozenge-shaped needle, until it exactly balances on 
its axis in any position. 
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(8) Bore a hole in the wooden base in order to insert 
the axis (the sewing-needle), while the strip of steel is betng 

magnetised. 

(9) Magnetise the lozenge- shaped needle by the method of 
separate touch. 

bp. 43, to shew ike mtikod of obtaining the dip with this intintmmi. 
Place the instrament in the magnetic meridian, and repeat the sixteen 
observations given on pp. 56 and 57. The following table, which repre- 
sents the results of a particular experiment, is given as a guide. A is one 
face of the needle, B the other. 



Position of 


Position of face 


Deflections, 


Meao. 


Traedip. 


magnetic needle. 


of inuruuietit. 


upper, lower. 


A 


East 


66-5° 67;5° 
66« 67° 


670 




B 


•t 


66-5° 




A 


West 




B 


M 


67*5**, 68 5° 


6S° 




After reraag- 








67° nearly. 


netisation 








A 


East 


67° 68° 


67-5° 


B 




66- 5°, 66° 

67- 5°, 68° 


66-25^ 




A 




6775" 








60 ^ 65-5° 


6575- 





Notes.— (t) Reading both ends corrects the error of 

centering. 

(2) Remagnetisation corrects the error which may be 
caused by the centre of gravity not coinciding with the centre 
of suspension. 

(3) Turning the instrument through 180° (E. to W.) ob- 
viates the error which may be caused by an improper setting 
of the vertical circle. 

Variations in Dip.— The value of the dip, like that 

of declination, varies in different places on the earth's 
surface. At the magnetic poles the needle is vertical, i.e, 
the dip is 90°. In London (lat. 51° N.) in 1892, the dip is 67^ 
21' nearly. At the magnetic equator there is no dip. In the 
southern hemisphere the inclination of the needle is similar 
to that in the northern hemisphere^ but the S-seeking pole is 
downwardsi 
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Exp. 44. Show that the actions, mentioned in the preceding paragraph, 
can be approximately represented by suspending a magnetised sewing- 





,) 






• 






i 

1 






In I 





Fig. 59. 

needle horusontaUy by a dlk fibre, and moring it over a bar macnet from 
the N-seeking: pole to the S-seeking pole (Fig. 59). 

A similar result would be given if a horizontally sus- 
pended magnet were carried from the north magnetic pole 
of the earth to the magnetic equator, and thence to the 
south magnetic pole (Fig. 60). Observe that (i) the N-seek- 




Fiu. 60. 



ing pole dips in the northern hemisphere, (2) the needle is 
vertical at the poles, (3) it gradually becomes horizontal as it 
approaches the magnetic equator, (4) the S-seeking pole dips 
in the southern hemisphere. 

Inclination is also subject to secular change, Le. its 
value alters during a very long period of time. 

The following table shows its alterations in London ^— 
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Y«M. 


Inclination. 


Year. 


ladinatSoik. 


1576 

1676 

1723 
1800 


73° 30' 
74° 42' 
70** 35' 


1828 

1854 

1874 
1890 


69° 47' 
68° 31' 

67° 43' 
670 23' 



TtmftlinW and AoUnio Lines.— The imaginaiy lines 
which join places at which the dip is of the same value, are 

called isoclinic lines. The line, which joins places at which 
there is no dip, is called the aclinic line or magnetic equator 
(see Map, p. 63). 

Decimation and Inclination at Various Places. — 
The following table shows the Declination and Inclination at 
varions places in the year 1880 : — 





l^ffflfinatwiiHi 




Boothia FdJx *. ^. 
London 

Borneo (Laboan) •• 
Quito .. •• 
Cape Town 


None 
18° 40' W. 
22° 30' W. 
2** 50' E. 

r 30' E. 

30° 7'W. 


90° 0' N. nearly 

67° 40' N. 
69° 42' N. 

2*>3ors. 

14° 30' N. 
56° 28' S. 



Ma^ietic Xntenaity is the amount of the earths magnetic 

force at a place. The diretfian of the 
force is the direction taken by the mag- 

g nctic axis of a magnet when freely sus- 
pended at its centre of gravity. 

Its magnitude can easily be obtained 
when we know the horizontal componem 
of the earth's magnetism, i,e» the force 
which makes a horizontally suspended 
magnetic needle oscillate ; for — 

Let AB (Fig. 61) represent the hori- 
zontal force, and the angle BAG (8), 
the angle of dip. On AB construct the 
rectangle A B C D, having AC as its 
^ diagonal, then AC represents the total 
force (T). 
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Now AC =:-^ 
COS 0 

H 

^ - c'ssrs 

Comparative Value of Earth, s Total Magnetic 
Force. — To compare the horizontal force at two different 
places on the earth's surface, we have shown that it is merely 
necessary to count the number of oscillations made in a given 
time by a horizontally suspended magnetic needle at both 
places, and then apply the formula 

H ff_ 
BP" If" 

The comparison of the total force can now be obtained^ for 

H = Tcos8 

^ . . TcosS 
whence substituting ^, - ^ 

, _T_ n- cos J' 
r cos 8 

It is, however, impossible to keep the magnetic moment 
of a magnet constant during its passage from place to place^ 
so that the accuracy of these comparative results cannot be 
relied on. 

Method of finding Horizontal Intensity in Abso- 
lute Measure. — We can, however, find the magnetic inten- 
sity at a place without comparing it with that at another 
place, as follows : — 

I. We obtain the value of MH by means of an oscillating 
magnet: for 

IT* K 

whence MH = --^j- (L) 

II. By means of a deflection magnetometer we can obtain 

M 

the value of g, for, in the A position of Gauss (p. 34) — 

, M tan 8 , 
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IIL Now divide equation (i.) by equation (li.) — 

MH 

M ^ d"" tan 6 
H 



2 

2 TT* K 



4/» tan 8 

whence, extracting the square root^ H is known. 

Szample. — The method of determining H will be under- 
stood from an example, the result of which was obtained from 

actual experiment 

The rectangular magnet from which the observations are 
recorJed was 107 cm. long, 2 cm. wide, and weighed 110 "8 
grammes, whence the moment of inertia (p. 39) — 

K = IIO-8 I (^.^ll±l" \ = 1094 0576 
t 12 ) 

(a) When it was placed in the stirrup of the oscillating 

magnetometer, it made 60 oscillations in 1 1 mins. 20 sees. 
.*. time of one oscillation was 1 1 3 secun Js, 
whence applying equation (L) 

MH = we have 

9-86965 X 1094 057 6 
128-4 
= 84*0672 (A) 

{d) When it was placed on the arm of the deflection mag- 
netomtter — 25 cm. being the distance between the centres 
(see £xp. 33)— the eight readmgs 



Poiitioii. 


DcOectioa. 


Mean. 


Natural tangent. 


E I 
E 2 

W I 
W2 


2li°, 22° 
21° 22° 1 
2li^20j° 
21^.21^ 1 


1 


•3926 
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Whence applying equation (ii.)— 

H i 

25' X -3926 

= 15625 X "19^3 

= 30671875(B) 

Whence MH^^^= ^f ^^-^L 

H 3067*1875 

.% H« = '0274 

•*. H = *i6 nearly 

Exercise, 

In an experiment with a magnet (of which the length was 15 S5 cm., 
the width l*8 cm., and weight 144*5 grammes) 100 oscillations were made 
in 19 mins. When the centre of the magnet was placed 38 cm. from the 
centre of a small magnet in a deflection magnetometer, the mean of the eight 
readings was 20° 42' (tan 20** 42' = '3779)* Fhid the horizontal component 
of the earth's magnetism. Ant, *M$ nearly. 

The total force is least near the magnetic equator, and, 
increasing with the latitude, is greatest near the magnetic poles. 

The lines connecting places where the force is of the same 
value are called isodynamic lines. (See Map^ p^ 67.) 

The Mariner's CompaBS.— Terrestrial magnetism has 
a most important influence on navigatioa As a magnetic 
needle always points to the magnetic north and south poles, 
and as declination charts have been prepared, the mariner is 
enabled to guide his vessel from port to port by its indications. 

The compass, usually employed for this purpose, consists 
of (tf) a flat circular card, on the under surface of which one or 
more light magnetic needles are fastened, which are capable 
of moving horizontally on a pivot of steel, agate, or iridium, 
fitting into an agate cap. 

The card is divided into thirty-two divisions, which are 
called rhumbs or points of the compass. These divisions are 
obtained as follows : — 

The circle (Fig. 62) is divided (i) into four quadrants by 
means of two diameters at right angles. The extremities 
of these diameters are marked N, S, £, and W (north, south, 
east, and west). 
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(2) The four right angles thus formed are bisected by 
h'nes, the extremities of which form the NE, NW, SE, and 

SW points. They are named by 
* « « placing together the two letters at 

the extremities of the bisected quad- 
rant; e,g, NE is the point midway 
between N and E. 

(3) These eight angles are bi- 
sected ; the extremities of the lines 
are named by placing together the 
letters at the ends of the arms of the 
bisected angles, remembering, how- 
FiG. 6a. ever, to put the name of the cardinal 

point firsty and then the name of the 
other point : e.g. the point midway between the N and NE 
points is marked NNE (north-north-east) ; that between S and 
SW is named SSW, and so on. 

(4) The sixteen angles are again bisected ; any one of the 
points thus formed is named by placing {a) the name of one 





of the nearest points to it (precedence being given to the point 
first obtained in the above process— />. N takes precedence 
of NNE; NE takes precedence of NNE or ENE) ; and {p) 
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the name of the other nearest cardinal point, the two names 
being separated by the letter b (by) ; €,g. 

The point between N and NN£ is marked N ^ E. 

„ „ NE „ ENE „ NE^E. 

^ E CS£ )y E ^ S* ' 

„ „ sw „ wsw „ sw^w. 

„ NW „ WNW „ NW b W. 

{h) The needle and card are enclosed in a cylindrical box 
B B', provided with a strong glass cover (Fig. 63), 

(^) The box is supported on gimbals, i>. two concentric rings, 
one of which, fastened to the case, moves about two pivots x d. 
(^^S* ^3)* These two pivots are fastened into the other 
ring A, which rests, by means of the rods m 11, on the supports 
P Q. By means of the gimbals the compass always remains 
horizontal, in spite of the pitching and rolling of the ship. 

Astatic Needle or Astatic Pair (Fig. 64) is a com- 
bination of two magnetic needles arranged so that the earth's 
magnetism has no directive influence upon them. The two 
needles are of equal strength and size^ one fixed exactly 
above and parallel to the other, and 
having their opposite poles in the 
same direction — the N-seeking 
pole a of one magnet is immediately 
above the S-seeking pole // of the 
other. If the strengths of the two 
magnetic needles are equal, the 
action of the earth on the poles a 
and V and also on the poles b and d 
will be equal and opposite. Such an p^I 64. 

astatic arrangement will remain in any 
position in which it is placed. 

It is, however, almost impossible for the student to make 
a perfectly astatic pair. This will be understood from the 
following considerations : — 

It is very difficult (i) to magnetise two needles to exactly 
the same strength ; (2) to hx them parallel \ (3) to fix them 
so that their axes lie in the same vertical i^e, so as not 
to cross one another. 
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A. If the needles are of unequal strength, they will, owing 
to the action of the earth's magnetism, tend to move into the 
magnetic meridian. 

B. If the magnets are of equal size and strength, but their 
axes are not quite in the same, vertical plane, they will set 
themselves at right angles to the magnetic meridian. 

Magnetinn of Iron Ships. -7 Since iron has been 
largely used in shipbuilding, errors, due to the inductive in* 
fluence of the earth upon the masses of iron, have appeared 
in the indications of the compass needle. 

Semicircular Variation. — We have learnt that a vertical 
mass of iron becomes magnetised under the influence of the 
earth. If, therefore, it is situated near the compass needle, the 
induced S-seeking pole of the mass, being uppermost^ will 
be nearer the plane of the needle than the induced N-seeking 
pole, so that the action of the S-seekmg pole only need be 
considered. 

If this mass of iron hes in the magnetic meridian through 
the compass, it will not affect it, but if the mass lies to the east 
of the meridian, an easterly deflection will be given to the 
N-seeking pole of the needle, while if it lies to the west, it 
will give a westerly deflection. When it is placed at right 
angles its effect would be at a maximum. Thus we see that 
the effect on the needle would^ while the ship swings right 
round, vanish twice and be at a maximum twice. For this 
reason it is called semicircular variation. It may be neutralised 
by placing a vertical mass of soft iron on the opposite side 
of the compass box, the position of which must be ascertained 
by trial, when the bow of the ship points east or west. 

Quadrantal Variation. — Horizontal masses of soft iron, 
such as deck beams or guns, exert another disturbing variati(Ni 
on the compass. Each mass becomes a magnet, having its 
axis parallel to the magnetic meridian through the needle 

If the position of the mass is north, south, east, or west 
of the compass, the effect of induction on the needle disappears. 

By referring to Fig. 65, the student will perceive that the 
following table gives the direction in which the N-seeking pole 
of the compass-needle is deflected. I 
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Position of mass of iron. 


Induced pole acting most on 
the needle. 


DefleCtioO of ihe X-scckiri4 
pole of the needle. 


NW quadrant 


s 


w 


sw 


N 


E 




N 


W 


NE „ 


S 


E 



Thus the vaiiatioo changes in each quadrant, and it is 
therefore called quadranial variation. 

This error is corrected by placing a horizontal mass of soft 

N 

I 




S 

Fjg. 6s> 



iron near the compass needle in the quadrant next to the 
one in which the disturbing influence is fixed. The exact 

position of the mass is obtained by trial while the ship is 

swung round. 

Permanent Magnetism of Iron Ships. — During the 
construction of iron-plated ships, the hammering of the plates 
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will convert them into permanent magnets. In whatever way 
the inagnettsm is distributed, which of course depends upon 

the position in which the ship is built, it exerts a great effect 
upon the needle, which is totally distinct from that due to 
vertical or horizontal induction. This error is, to a con- 
siderable extent, corrected by placing two permanent magnets 
in certain positions, which are found by trial during the 
swinging of the ship. 

It is found that a large amount of the magnetism, induced 
in the vessel during its construction, is lost during a long 
voyage, due, no doubt, to the buflTeting of the ship by the 
waves. It is thus necessary to correct the magnetism of a 
ship after each of the first few voyages. In course of time, 
however, the conditions of the vessel with respect to its 
magnetism become constant, so that it needs no further 
correction. The magnetism, which is then retained in the 
ship, is called fermaneni magnetism ; tha^ which it loses, is 
called sub-fermanent* 

Exercise V. 

I. How may the magnetic meridian be determined by means of a dip 
circle ? 

a. Explain why, in detemining the magnetic dip at any place, it Is 
ncccssar>' to reverse the magnetism of the needle so as to make each end of 

it dip in turn. 

3, The N-seeking poles of two equal and equally magnetised mag- 
nets are attached to the ends of a light bar of wood, so that the magnets 
are parallel to each other and at right angles to the bar, and the S-seeking 
poles arc on opposite sides of it. If the whole be suspended by a thread, 
so that the bar and the magnets lie in a horizontal plane, what position 
will the bar take up with respect to the magnetic meridian ? Give reasons 
for your answer. 

4. An iron ball is held due north of a compass-needle. Descril^e the 
motion of the needle as the ball is carried round it in a circle in the 
directions north, east, south, west, north. 

c. What effect (if any) is produced (i) on the weight, (3) on the position 
of the centre of gravity, of a piece of steel by magnetising it? Giv« 
reasons for your answer. 

6. A small magnet hanging by a silk fibre makes ten oscillations in a 
minute when acted on by the earth's magnetic force alone. When equal 
masses of iron are placed at equal distances from it, one to the north and 
the other to the south, the mngnet mnkes more than ten oscillations in a 
minute ; but when the same pieces of soft iron are placed at equal distances 
cast and west of the magneti it makes less than ten oscillations in a minute. 
Why it this? 
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7. Describe and explain some method hf which the intensity of the 
horizontal component of the earth's magnetism at two different phues can 

be compared. 

8. A straight bit of straw is hung vertically by a fine silk fibre, and two 
magnetised sewing-needles are thrust through it horizontally. Show what 
are the essential conditions in order [a) that the needles may point in the 
same direction as each would alone ; (b) that they may point equally well 
in any direction. 

9. Two soft iron rods are placed Tertically, one east and the other west 
of the centre of a compass-needle ; the lower end of the rod on the east and 
the upper end of the rod on the west being level with the COmpasS. 
Describe and explain the effect on the compass. 

10. A bar o£^ very soft iron is set vertically. How will its upper and 
lower ends respectively affect a compass-needle ? Would the result he the 
same at all parts of the world as it is in this country? If not> state 
^nerally how it would differ at diHcrent places. 

11. Find the total magnetic force of the earth at a place where the 
horizontal component Is "laj and the dip 60**. 

I2» Find tbe total magnetic force of the earth at a place where the 
horizontal component is '18 dyne and tbe dip 45^ 
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CHAPTER V. 



ELECTRIFICA TION, 

Electrical Attraction. — Szp. 46. Warm and dry ^ a glass rod 
and a piece of silk. Rub the glass with the siilc and then present it to 

anylignt bodie*?, e.g. pieces 
of paper, pith, or bran. Ob- 
serve that they are attracted 
lowaids the rod (Fig. 66). 

Thus by friction an 

additional and curious 
property has been im- 
parted to the rod, due 
to what is called elec» 
tricity ; and the rod 
itself is said to be 
duhrifici^ exdUd^ or 

Thales, a Greek 
philosopher (600 B.C.), was the first to record that this power 
was possessed by rubbed amber, the Greek for which — vnXvcrpov 
(electron) — is the origin of our word electricity. 

Adopting the precaution mentioned in the foot-note, this 
propeity may be exhibited with a large number of bodies, such 
as sealing-wax, resin, shellac, or sulphur, rubbed with flannel ; 
hot brown paper brushed with an ordinary clothes brush; 
vulcanite rubbed with flannel or even with the dry hand. 

* To exhibit this property all rods, rubbers, and apparatus must be warm 
and dry, and it is therefoie advisable to place them in fiont of an ordinary 
coal fire or a gas reflectbg store for some time befbre use. 




Fig. 66. 
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Fig. 67. 



Electrical Repulsion. — Exp. 46. Suspend a small pith ball by 
m fine Hlk thread to a suitable support (Fig. 67), which may be made of 

f'lass, metal, or wood. (Elder pith is best 
or this inirpose. After cutting the pith 
into shape with a sharp knife, it is advis- 
able to press it slightly between the fingers 
in order to remove any projecting points.) 

Place this apparatus, which is called the 
Electric or pith-hall pendulum^ before a fire 
to dry the silk. Bring an dectrified rod 
near the ball. Observe that attraction first 
tfl^es place, but after contact with the rt^d 
the ball is violently repelled, nor will it 
again approach the rod (unless indeed it has 
been in contact with the metallic or wooden 
support). 

It is well to point out that two 

lessons may be learnt from' this ex- 
periment — 

1. That a body becomes charged 
by contact with an electrified body. 

2. That when two bodies are 
charged by contact, they repel one 
another. 

Two States of Slectriflcation.—- Szp. 47. Bend a piece nf 

wire, as shown in Fig. 68,.and sus- 
pend it by a silk thread from a suit- 
able sui)port. F'lectrify a glass rod 
with silk, and place it acrpss the 
Stirrup. 

1. Electrify another glass lod 
with silk, and hold it near the sus- 
pended rod. Repulsion takes place. 

2. Repeat this experiment widi 
a rod of sealing-wax rubbed* with 
flanneL Notice attraction. 

This experiment teaches 
us that there are two different 
states or kinds of electricity — 

( 1 ) that de v eloped on glass 
rubbed with silk, 

(2) that on sealing-wax 
rubbed with fianneU 

Electrification developed on glass rubbed with silk was 
once called vitreous {vUrum^ Lat., glass) ; &at developed on 




Fig. 68. 
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sealing-wax or xesin nibbed with flannel^ lesinous. These 
tenns have, however, been discarded, as observers soon 

found that vitreous electricity could be developed on resinous 
substances, and vice versd^ by merely altering the material of the 
rubber. 

Vitreous electricity is now commonly called positive (or 4:) 
electricity. 

Resinous electricity is now commonly called negative (or 
electridty. 

We, also, leam from Experimtent 47 that — 

{a) bodies whose electrifications are of opposite kinds 

mutually attract one another ; 

{b) bodies whose electrifications are of the same kind repel 

one another. 

Electrics and Non-electrics. — Exp. 48. Rub a brass rod, 

held in the hand, with warm silk. Bring it near a pith-ball pendulum, 
and obsenre that Uie ball is unaffected. 

Szp. 49. Mount the brass rod on a glass handle, or hold it with a sheet 
of india-rubber. Dry the handle and rub the brass. Present the rod to 
a negatively charged pith-ball pendulum and observe repulsion. It is 
therefore n^atively charged. 

1» 00. Repeat the last experiment, bat, before bringing it to the 
penduliini, toadi it with the fingqr. There is, now, no sign of electrifi* 
cation. 

For many years it was thought that only a certain numbe« 
of bodies — which were called electrics — were capable of being 
electrified. All other bodies were called non-electrics, be- 
cause they did not exhibit any signs of electrification even 
after violent friction. This distinction was erroneous, as aU 
bodies are capable of being electrically excited, though in 
different degrees, if proper precautions are adopted. The 
reason of this difference in the action of various bodies scaped 
the early observers from the fact that, with non^^lectric^- the 
electricity is discharged to the earth through the hand and 
body of the experimenter, but that with electrics it is not so 
discharged. 

Conductors and Insulators. — Bodies, such as brass, which 
allow electrification to spread readily over them and to carry 
it away to other bodies, are called conductovs, while those 
bodies, such as glass, sealing-wax, vulcanite, etc., which do not 
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allow the electricity to escape as soon as it is developed, are 
called non-oonductorsy insuiatorsi or dielectric& 

U. Insert a wooden rod into a cozk, and then pass the cork into 

a glass tube ; rub the tube close 
to the cork, and then present 
the end of the roi to any light 
body. Notice attraction. 

Exp. 62. Fasten a key to a 
cotton thread, and then tie the 
free end round the wooden rod. 
Electrify the tube as before, 
and observe that light bodies 
are attracted to the kqr (Fig. 
69). 

Jts^ 08* Repeat the last 
experiment with silk instead 
of cotton. The light bodies 
are not attracted* 

Wood, cotton, and 
metal are therefore cm- 
ductars; silk is a non-cm- 
ductor. 

Different bodies have 
different conducting 
powers. It must be remembered that all bodies offer some 
resistance to th^ passage of electricity, although with good 
conductors the resistance is almost inappreciable, while with 
the best non-conductors it is so great that.practipsdly no dec^ 
tricity passes from one point to another. 

The best conductors are the metals (of which silver stands 
first), then follow charcoal, acids, water, the human body, 
cotton. The best non-conductors arc dry air, glass, paraffin, 
ebonite, shellac, sulphur, gutta-percha, resin, silk, wool, porcelain, 
oils. These substances are given in their approximate order 
of conduction and insulation respectively. Dry wood, marble, 
paper, straw occupy an intermediate plac^ and are therefore 
sometimes called partial conductors. 

Conduction is affected by temperature, e.g, glass loses its 
power of insulation when it is made very hot 

Slectroscopes. — An instrument which will detect the 
presence, and determine the kind of electrification of a body is 
called an Electroscope. The first electroscope was made 



F10.69, 
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and used by Gilbert in the year i6oo» and merely consisted of 
a straw balanced on a fine point 

We have already used a pith-ball pendulum as an electro- 
scope. 

For rough experiments a piih-ball electroscope is sometimes 

employed. This consists of two small balls of elder pith, sus- 
pended by cotton threads from one end of a brass wire, the 
other end being terminated by a knob. A hole, somewhat 
larger in diameter than the wire, is bored through a cork, 
which fits the mouth of a glass vessel. The wire is passed 
through the hole in the cork, and then flEistened in its place 
with hot shellac. 

The Oold-leaf XSleotroioope^A more delicate instru- 
ment, and the one most commonly used for experimental work in 
frictional electricity, is the gold-leaf electroscope (Fig. 70), which 
consists of a brass rod soldered * to the centre of a brass disc and 
passing through a stout varnished glass tube, which is inserted 
through the dry wooden cover of a wide-mouthed glass vessel 
The other end of the rod has a horizontal flat cross-piece 
(about threeKjuarters of an inch long) soldered to it, on each side 
of which a piece of gold-leaf (two inches long) is gummed. 
The leaves are thus parallel and hang very close together. 
On opposite sides of the interior of the vessel are generally 
placed two strips of tinfoil, which pass from the base to the 
lower level of the leaves. These strips make the instrument 
more delicate — for reasons which will be afterwards understood 

* Soldeting is easily perfonned as follows :— Make a soldering Iron hj 
pointiiig a stoat copper wire, and then inserting the other end into a 
handle. Now place some zinc in a bottle, pour over it a small quantity of 
dilute hydrochloric acid, and allow the action to go on for some time ; 
the solution is then known as ** killed spirits." Havim; heated the 
'*inm," hold the bright point in a small piece of solder. This gives the 
point a shining silver-white surface, and the operation is technically caUefl 
"tinning." The easiest method of soldering the brass disc to the copper 
wire is to make both pieces bright and clean, then place a little killed 
i|uiits on them, and a small piece of solder on the disc. Hold the iron in 
a Blinsen's flame, an inch or two from the ** tinned " end. When the end 
has become sufficiently hot, touch the solder on the disc with it, also 
holding the wire on the required place. The heat melts the solder and, 
by careful manipulation, the solder flows over the two surfaces. The 
wire is held motionless until the solder is- set - Afterwards wash with plenty 
of wftter to prevent msting. 
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— and prevent the leaves from becoming broken by contact with 
the sides of the vessel It is advisable to place a vessel 




Fig. 70. 



containing small pieces of calcium chloride, or pumice-stone 
soaked in strong sulphuric acid, in the interior of the 
electroscope in order to keep it dry. 

Uses of a Gold-leaf Electroscope. — The electroscope 
is used (i) to indicate the presence of electricity and, very 
roughly, the amount of charge on a body ; (2) to determine the 
kind of electricity. 

(a) Experiments to indicate the existence of eleetricify and 
the amount of charge on a body, 

Exp. 64. Rub a rod of sealing-wax, vulcanite, or shellac with flannel, 
and bring it gradually near the electroscope. Nodce that the leaves 
diverge ; if the body be slightly charged tlw diveigence is smaU, if it be 
highly charged, the divergence is greater. 

Exp. 56. Strike the disc with fur, and observe the divergence of the 
leaves. 

Bqp. M. Grind loU sidphnr to powder in a mortar, and ncrtioe the 
4hreigence of the leaves when a small quantity is dropped on the disc 



Digitized by Googlc 



Electrification 81 

{p) Experiments to determine the kind of electrification of a body. 
The following nile, which will be easily understood after 
the chapter on induction has been read, must be learnt If^ 
when the leaves are divergent, the approach of an electrified 

body causes them to diverge more, the leaves and the ap- 
proaching body are similarly electrified ; if they diverge less^ the 
leaves and the approaching body are either oppositely electri- 
fied, or else the approaching body is an uncharged conductor. 

Take care to observe the first movement of the leaves as 
the body approaches the electroscope. 

£zp. 67. Repeat Experiment 55. Bring up a negatively charged rod, 
and observe that the divergence of the leaves is greater. The disc is 
therefore negatively eleetrined. 

Zzp. 68. In a similar manner prove that the snlpbor in Exp. 56 is 

negatively electrified. 

Exp. 69, Place a flannel cap, to which a silk 
thread is attached, over one end of a vulcanite 
rod, both having been previously warmed. Rub 
the cap round the rod, and then, by means of 
the silk thread, place it on the disc, (a) Bring 
up a positively charged rod, and observe that 
there IS a further divergence of the leaves. The 
flannel is therefore positive, {b) Bring up x 
negatively charged rod, and observe that the 
leaves collapse, {c) Place the hand over the 
disc^ and again notice that the leaves diveige less Fig. 71. 

than at first 

Repulsion is the only sure Test of Electrification. 
^From the last experiment we learn that 
there is increased repulsion between the 
leaves^ when they and the approaching 
body aie similarly electrified ; and that 
both an oppositely duuged body and an 
UDchasged conductor cause a partial, or 
total, collapse of the leaves. In order, 
therefore, to ascertain the kind of elec- 
tricity we are testing, it is essential to 
rely solely on repulsion. 

Henley's Quadrant Electroscope 
consists of a vertical brass rod, d (Fig. 7 2), 
to which is attached a graduated quad- 
tant or semicircle. To the centre of this 
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scale, a small light index — ^wood or straw carrying a pith ball — 
is fixed. It is generally used to show whether an electrical 
machine or a Leyden battery is charged. Before working the 

machine the index hangs vertically, but as the conductor be- 
comes charged the pith ball receives a similar charge, and is, 
therefore, repelled from the upright rod. 

Simultaneous and Equsil Development of Both 

Kinds of Electricity Exp. 60. (i) Repeat Experiment 59, by means 

of which the flannel cap is proved to be charged positively. (2) Charge a 
gold-leaf electrciscope negatively. Observe uiat when the rod is broosht 
near, there is an increased divergence of the leaves. The rod is thererore 
negatively charged. (3) Replace the cap and rub again. Without re- 
moving the cap, present them to an uncharged electroscope. The leaves 
remain at rest. 

This experiment coadusively proves that (i) positive and 
negative electrifications are produced simultaneously^ and (a) 
the positive electrification is exactly equal in amount to t^e 
negative. 

Bodies not absolutely Positiye or Negative.— Bzp. eL 

Charge a gold-leaf electroscope negatively. Excite a hot glass rod with 
fur and bring it near the electroscope. Notice that there is incicaaed 
divergence, proving that the glass is negatively electrified. 

Thus we learn that the kind of electritication developed 
by friction depends not only on the body rubbed, but also upon 
the rubber. 

The following list has been prepared so that if any two 

bodies be chosen, the one standing first becomcb positive, the 
other, negative : — 

Caoutchouc 
Sealing-wax 

Resin 
Amber 
Sulphur 
Gutta-percha 
Collodion 
Gun-cotton 
Leather coated with 
amalgam 



Fur 

Flannel 
Ivory 

Glass 
Cotton 
Paper 
Silk 

The hand 

Wood 

Metals 



Thus, if resin be rubbed with iiannel it becomes negative. 
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while if rubbed with leather coated with amalgam it becomes 

positive. 

£zp. 62. Test as many of these bodies as possible by means of a gold* 
leaf electroscope, electrified from a known source. 

It most be remarked, however, that the results of experi- 
ments are somewhat uncertain with those substances which 
stand dose together on the list, as a slight difference in 
chemical composition, or in their physical properties, may 

alter their behaviour. 

Discharging an Electrified Body.— Ezp. 63. Ruba valcanite 
rod with flannel. Show that it Is electrified by bringing 
It near an unchaxged gold-leaf electroscope. Pass the 
rod ihrouc^h a Bunsen or spirit-lamp flame. Test as 
before. There is no divergence of the leaves, show- 
ing that the rod is completely dischai^ed. 

"Bxp, M. Charge a gold-leaf electroscope. Hold 
a lifted taper above, but not In contact with, the 
disc. Observe that the leaves ooUapse ; the dectro- 
scope is therefore discharged. 

sxp, 65. Charge a 'gold-leaf electroscope. Place 
a spirit-lamp on the disc. There Is no effect on the 
leaves. Light the lamp, and observe that the leaves 
immediately collapse (Fig, 73). 

See, also, experimenis on the discharge by points. 

Electrification by Pressure and 
Cleavage. — Electrification may be produced 
by many methods other than friction, e.g* by 
chemical action, by heat^ by mere contact of 
dissimilaT metals (all of which will be treated of 
in due course), and by pressure and cleavage.* 

(a) If a piece of insulated cork be pressed on india-rubber, 
gutta-percha, amber, or metals, it becomes positively electri- 
fied. 

(b) If sulphur be held on a piece of india-rubber, then 
broken by a hammer and allowed to fall on the disc of a gold- 
leaf electroscope, the leaves diverge with negative electricity. 

' Theories of Electricity. — Some years ago the explanation of electrical 

Ebenomena depended upon what were known as the fluid theories. They 
ave been discarded as absolutely inaccurate and misleading. At present 
we regard the molecular theory as correct, which asserts that dectrification 

is due to a moleculnr strain in the molecules of bodies, or rather in the 
ether surrounding the molecules^ when they are brought into very close 
contact by friction or pressure. 




Fig. 73. 
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(e) Lumps of sugar broken in the dark emit a feeble tight, 
due to the recombination of the two electricities. 

Pyro-Electricity.— When certain minerals are cooled 

or heated, electricity is produced. Such electricity is called 

pyro-electricity. It is 
best studied with a suit- 
able crystal of tourma- 
line' (Fig. 74), suspended 
by a fine wke over a 
metal plate, heated by a 
spirit lamp. In a short 
Fig. 74. t\me^ the ends will be 

oppositely charged. If 
now the plate be removed, and the crystal discharged by passing 
a flame over it, it will be found that as it cools, the end, which 
when heated was positive, becomes negative, and that which 
was negative becomes positive. The points at which the free 
electricity is at a maximum are called the poles; that which 
was positive when the temperature was rismg is called the 
analogous, and that which was negative, the antilogous pole. 
In 1 ig. 74, A is the analogue, and B tlie antilogue. 





Exercise VI. 

1. If a hot sheet of paper be brushed with an ordinary clothes brush, 
it will cling to the wall of a room. The drier the air is, tne longer it will 
cling. Why is ibis ? 

2. A gold-leaf electroscoue, positively charged, is brought near another 
one, negatively chaiged. what is the effect on the leaves ? 

3. What will be the electrical state of a silk glove afler bemg diawn 
off the hand ? 

4. Two bodies are electrified by friction. Why do we regard the 
changes produced simultaneously as being of opposite kinds? 

5. AVhat is meant by the term pyro-electricity ? Explain OMahgue and 
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CHAPTER VL 

INDUCTION. 

When we bring an electrified body near, but not in contact 
with, an insulated conductor, we find that the electricity acts 

across the dielectric (non-conductor), attracting the opposite 
electricity to the side of the conductor near the electrified 
body, and repelling the same kind to the side remote 
&om it. 

Such electrical action is called Induction. The electri- 
fied body producing the action is called the indudng body. 
The electricity produced by the action is called inducea 
dectricity. 

We may prove that such action occurs by numerous experi- 
ments, but before mentioning them, we must describe an ex- 
ceedingly useful instrument, called a proof 
plane, which we may use for testing large ^ 
charges of electricity. 

A Proof Plane (Fig. 75) merely 
consists of a small conductor, mounted 
on an insulating handle. An excellent I 
one is made from a disc of metal, having 
the edges well rounded off, fastened to 
a rod of sealing-wax. 

Sometimes the conductor is a small 
bra«;s ball suspended by a silk thread. 
It is then commonly called a carrier 
balL 

If sndi an instrument be brought 
in contact with a charged body, it will 
receive part of its charge, which can therefore be removed, 
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and the kind of electrification tested, withont incurring the 

danger of fracturing the gold leaves of an electroscope. 

Exp. 66. Take an insulated, uneleclrified, cylindrical conductor with 
rounded ends. Bring a negatively charged rod near it, and touch the other 
end with a proof plane. Prove that the charge on the uroof plane is 
negative (use a negatively chaiged electroscope, and ODseive greater 
divergence of the leaves). 

Exp. 67, to show that a positive charge is attracted to the end of the 
conductor near the inducing rod. Touch this end with a proof plane, and 
show that the divergence of the gold leaves of a positively charged electro- 
scope is increased, when the proof plane is brought near. 

Exp. 68. Test a point midway between the two ends. There is no 
divergence of the leaves of an uneleclrified electroscope. 

An experiment similar to Experiments 66 and 67 may be 

performed as follows : — 

Bzp. 69. Place two insn- 

lated brass spheres in contact. 
(Two spherical bedstead knobs, 
two or three inches in diame- 
ter, supported on volcinite 
penholders are excellent, and 
may be easily made at a cost 
of a few pence. ) Bring a posi« 
tively charged rod near. Nega- 
tive electndty is attracted to 
the sphere next the rod, and 
positive repelled to the remote 
one (Fig, 76). Prove the tnith 
of this statement by removing 
the sphere remote mm the rod 
— ^taking care to touch the 
FMUyfi. insulating support only — and 

testing its charge. Kemove 
the rod, and then test the charge on the other sphere. 

From experiments similar to these, we infer that a charged 
body acts inductively in all directions, attracting the opposite 
kind of electricity nearest to it, and repelling the similar kind 
to the remoter parts. 

The fne charge induced on a conductor is also able to 
act on other conductors placed near it This may be shown 
as follows : — 

Exp. 70, Arrange insulated conductors near each other. Bring a 
charged rod near one end of the series. If the charge is positive, it acts 
on the conductor nearest to it, attracting negative electricity, and repelling 

positive. This induced positive charge acts on the second conductor in 
the same way, and so on through the series. Trove that this statement is 
true by means of a proof plane and a gold-leaf electroscope ; but notice 
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that the inductive influence beoomes feeUer as the distance from the 

inducing body increases. 

InductioxL on a Conductor connected with the 
Xarih. — ^We are now in a position to understand the effect oi 
placing a conductor, when under inductive influence^ in con- 
nection with the earth. 

Ezp. 71. Bring a negatively electrified rod near an insulated conductor. 
Touch the c<mdactor with the finger or, indeed, with any uninsulated con- 
ductor. Remove the hand or conductor, and then the inducing rod, nnd 
test the remaining charge. We And that it is n^ative; the positive has 

therefore disappeared. 

The reason is this : — the human body and the floor of the 
room are conductors, so that the positive electricity induced in 
this experiment has escaped though them to the earth and is 
practically lost The conductor^ however, is not discharged, 
but retains a negative chaige^ which becomes sensible when 
the inducing-rod is removed 

Free and Bound Electricity. — The student naturally 
enquires the reason of this. The answer is, that the electrified 
body attracts the opposite kind, and therefore holds it captive 
by its influence. This electricity is then said to be bound* 
llie like kind, however, is free to escape, if it is put in 
conducting communication with the earth, and on this account 
it is often called fru electricity. 






Inductive Process of charging a Gold-leaf Electro- 
ncope. — From what has been said it will be easily understood 
that we can electrify a body by induction, with a charge 
oppifsUe to that of the inducing body. In foct, this is the 
common method of charging a gold-leaf electroscope. 

In Fig. 77> a represents an electroscope in its uncharged itate; 
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h shows the leaves divergent with repelled positive electricity, negative 
being attracted to the disc ; 

when the disc is touched with the hand, the leaves collapse, owing 
to the removal of the free positive electricity, while the negative electricity 
is still bound " by the inductive action of the rod ; 
d% the hand is removed ; 

^, the rod is finally withdrawn, and the leaves diverge with negative 
electricity, due to its liberation and, therefore, its capabUi^ of spreading 
over the whole conductor — disc, wire, and leaves. 

This is an important and constantly-recurring result Re- 
member that if a particular kind of electniicatioQ is required 
in the leaves, an opposi(ely-chaiged rod is used. 

Faraday's loe-pail Szperimenta.— To prove that the 
total charge derived from induction is equal in amount to that 
obtained from actual contact with the electrified body, 
Faraday performed the following experiment, which, because 
an ice-pail was originally used, is commonly known as "the 
ice-pail experiment" 

Exp. 72. Insulate a metal vessel A (Fig. 78). Connect its outside, by 
means of a wire, with the disc of a distant electroscope £. Charge a 



Ordinarily^ the apparent induced chaige is less than the 
inducing chaige. This^ of course, arises from the &ct that all 
the bodies, which' are inductively acted on, are not hrought 
into account 




metal ball C, suspended by a dry silk 
ribbon, with positive electricity, and 

lower it into the vesseL Owing to 
induction, the leaves immediately di- 
verge. Observe that they are at their 
greatest divergence when the ball has 
reached a short distance from the top 
of the vessel, and that they do not 
alter when the ball is allowed to de- 
scend lower. Bring the ball in con- 
tact with the intemr of the vessel, 
and observe that the leaves remain 
divergent to the same extent as before. 
The ball is now removed by the silk 
ribbon, when it is found to be com- 




FlG. 78. 



and since the leaves are unaffected, 
the positive charge on the ball has ex- 
actly neutralised the induced neg;ative 
chaige. Whence, we conclude that 

the induced positive charge is exactly 
equal to the inducing positive charge. 
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Fig. 79. 



We may arrive at this result in a slightly different manner, 

Exp. 73. Again charge the ball positively and lower it into the vessel. 
Touch the electroscope with the finger, when the leaves will collapse,, 
owing to fhe removal of the po^tive induced charge. Now remove the 
finger, and touch the vessel with the ball. Withdraw the ball, and notice 
that the leaves show no evidence of electrification, proving that theinduoedL 
negative and the inducing positive charges are equal in amount. 

Faraday confirmed this result by using four such vessels* 

(Fig. 79), insulated from 

each other by blocks of i23 4 I 

ill In 

shellac Precisely simi- | | J 
lar results occurred, each 
pail becoming indue* 
tivdy charged with op- 
posite electricities, all 
equal to the charge on 
the inducing body. 

Thus, when the elec- 
trified ball was lowered into pail (4), inductive action took 
place through the series, pail (i) producing the same result 
as that obtained in the previous experiments with one 
paiL 

If (i) and (4) were connected by means of an insulated 
wire, the leaves of the electroscope remained divergent 
If (4) were touched while C remained inside, the leaves 

collapsed, for the simple reason that the other pails were 
rendered neutral ; the negative in (4) and the positive on the 
ball being without action on an external point 

The Electrophorus. — The simplest instrument depending 
on induction is called the Electrophorus, which was invented 
by Volta in 1775 for obtaining a series of charges of elec- 
tricity fiom a single charge. It ooninsts of three parts — 

(1) the generating plate, B (Fig. 80), made of resin, sealing- 
wax, shellac, or, best of all, vulcanite ; * 

(2) the sole, consisting of a metal plate or dish placed 
under the generating plate, and 

• * The surface of vulcanite should occasionally be washed with ammonia, 
ind aflerwaidt with paiaffin oil. 
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(3) a conducting disc. A, provided with an insulating 




Fig. So. 

handle. This is called the ioper^ or colliding plaU^ and is of 
slightly smaller diameter than the generating plate. 

Method of Charging the Electrophorus. — Exp. 74. 

(i) Wann the generating plate until it is quite dry. Rub or strike the 
plate with warm flannel or fur. This, of course, develops negative elec- 
tricity on the upper fiurfitce, which, acting inductively through the disc, 

'* binds " positive electricity on the top of the 

p= — — — =: — -- I sole, and repels negative to the earth (Fig. i>i). 

' -» The bound positive chaige on the sole dimin- 
ishes the tenaency of the negative charge on the 
gcneratino- plate to be dissipated. 

(2) Holding the handle, place the cover on 
the generating plate. The two discs touch at a few points only, so that 
there is a thin layer of air between them. Induction therefore takes plaoe. 



+ + 



+ 
Fig. 81. 
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Fig. 89. 
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Fig. 83. 



a poi^itive charge being induced on the lower surface of the disc, and an 
equal free negative charge on the upper surface (Fig. Sa). 
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(3) Toncli tlie plate with tlie finger, the f^ee negative charge escapes 
to the earth (Fig. 83), 

(4) On remo\'ing the finger, and lifting 
the collecting plate by the handle, we have 
a positive charge (i* ig. 84), which we can use 
for charging other condnctcnrs. 

If the atmosphere be dry, these 
operations may be repeated many 
times without again exciting the disc, 

and it may be a matter of surprise 1 ~ — — ~ 

that such charges can be obtained + + + + + i- 
wiihout any further apparent expen- 
ditnre of eneigy. The fact, how- 
ever, is that there is a slightly greater amount of work 
expended to separate the two charges (the positive on the 
cover and the negative on the generating plate) than would 
be expended to lift the disc solely against the force of gravity. 

An excellent device is sometimes employed to obviate the 
necessity of touching the upper plate with the finger every 
time it is charged. This consists in placing a brass pin 
in the middle of the lower disc^ one end of which is in contact 
with the sole, and the other flush with the upper siirlieux; 
Thus the pin touches the collecting plate each time, and allows 
the free electricity to escape to the earth. Instead of a pin a 
strip of tinfoil may pass from the sole to the upper surface of 
the generating plate, so that the cover touciies it each time. 



EXBRCISB VIL 

1. If a glass rod, strongly electrified by rubbing with amalgamed silk, 
is held at some distance from a pith ball hung by a silk thread and having 
a slight positive charge, the ball is repelled by the rod. Bnt if the rod is 
bioaght sufficiently near to the ball the latter is attracted} explain this. 

2. An electrophorus, after being charged in the ordinary way, is placed 
on the cap of an electroscope. The metal cover is then placed on the 
dectrophoms by means of its Insnlating handle, and, lastly, the cover is 
momentarily touched with the finger. Describe and give reasons for the 
behaviour of the gold leaves in each of these three cases. 

r A metal pot A is placed on an insulating stand ; a smaller metal 
B is put inside A but insulated from it. A positively electritied metal 
is hnng by a sUk thread inside B without toudung it. The pot B is 
now connected for a moment with the earth, the bw is then removed ; 
next, the pot A is connected for a moment with the earth ; lastly, B is 
taken out from A without connecting either A or B with the earth. What 
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is finally the kind and degree of electrification of the two pots as compared 

with the ball ? 

4. A glass rod which has been rubbed with amalgamed silk is held 



without hitting the glass rod, into a cup of the same metal as the rannd. 

State and explain the result which may be observed (l) if the funnel a^ 
the cup are each connected with a separate electFOSOOpe^ (2) if thqraie 
both connected with the same electroscope. 

5. You have two metal pots on separate insulating stands ; also a metal 
hall carried by an insolating stem ; also a wire connected with the earth. 
Suppose the ball, or one of the pots, to be slightly electrified. Describe 
and explain a process by the rej>etition of which you can electrify two pots 
more and more strongly, one positively, and the other negatively. 



just below the spuut of a metal 
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DISTRIBUTION, 

Exp, 76. Take a hoHo-.i' insulated metal sphere, having a circular 
aperture at the top of alxjut one to one and a half inches in diameter 
(Fig. 85). This can be cheaply made 
from a bedstead knob Insulated on an 
ebonite penholder. Having charged 
the sphere with positive electricity, 
apply a proof ]5lane, C, to the in- 
terior, and bring it in contact with 
an uncharged electroscope ; no action 
takes place ; there is, therefore, no 
electrification inside the conductor. 
Now touch the outside with the proof 
plane, and, on prasenting it to the 
electroscope, observe that the leaves 
diverge* 

This experiment condu- 
rively proves that the seat of 
charge of statical (or frictional) 

electricity is the outer surface of 
conductors, i.e. there is no free 
electri fication within a conductor. 

The same fact can be proved 
in various ways — 

Sip. 76. (Commonly called Blot's or Cavendish's experiment). Charge 
an insulated metal ball by means of an electrical machine (to he described 
later). Place two hemispherical envelopes, furnished with glass handles, 
on the outside (Fig. 86). (Again, the spherical conductor may be made 
by mounting a bedstead knob on an ebonite penholder. For the hemi- 
t^eres, cut a slightly larger knob in two, and mount each half, by means 
CI sealing-wax, on ebonite penholdeis. They answer quite as well as the 
SK>re expensive apparatus). After contact with the sj)hcre remove the 
hemispheres, and present each of them to an uncharged gold-leaf electro- 
scope. Notice the divergence of the leaves. Now bring the sphere near 
tiie dectniscope ; there is no diiretgence of the leaves, thus proving. 
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that, ahlioiigh the sphere was ori^nally charged, the clectiicily has passed 
to the outer surface, uc, to the two hemispheres. 





Fig 86. 

Exp. 77. (Faraday's butterfly-ncL experiment). Make a conical muslin 
bog and fasten it to a brass ring supported on a glass stem (Fig. 87). To 

the apex of the bag attach two silk threads, 
by means of which the bag can lie turned 
inside out. After chaining the bag, (a) test 
the inside by means oTa proof-plane and ail 
electroscope. There is no action, {b) ToQdi 
the outside with the proof-plane, and present 
it to the electroscope ; the leaves immediately 
diverge. Discharge both proof-plane and 
electroscope, and then ) turn the bag inside 
out, and again show that there is no elec- 
trification on the insidet 

It may be mentioned as a fitrther 
illttstiation of this fact, that Faxaday 

had a room built, each side of which 
measured twelve feet. He describes 
it as follows ; " A slight cubical 
wooden frame was constructed, and 
copper wire passed along and across 
it in various directions, so as to make the sides a large net- 
work, and then all was covered in with paper, placed in dose 
connection with the wires, and supplied in every direction 
with bands of tinfoil, that the whole might be brought 
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into good metallic communication, and rendered a free 
conductor in every part. This chamber was insulated in 
the lecture-room of the Royal Institution. ... I went into 
the cube and lived in it, and used lighted candles, electro- 
meters, and all other tests of electrical states. I could 
not find the least influence upon them, or indication of any- 
thing particular £^ven by them, though all the time the outside 
of the cube was powerfully charged, and large sparks and 
brushes were darting off from every part of its outer 
surface." * 

From the facts proved in this chapter we can easily under- 
stand why delicate instruments are often covered with gauze 
or muslin during experimental work. 

Slectrio Surface Density. — ^When the fluid theory was 
in vogue, electricity was considered to accumulate to certain 
depths on the surface of conductors, and electricians used 
the term electric density, or even electric thickness, to indicate 
this accumulation. It must, however, be carefully remembered 
that electric density at a point is the charge per unit of area 
in the neighbourhood of the point, and we must rid our minds 
of the idea of the material nature of the charge. By means 
of the following experiments, althot^h they are not sufficiendy 
accurate as exact quantitative measurements, we may show that 
the distribution of electricity varies on difierently shaped con- 
ductors, and that the density becomes greater as the con- 
ductors become pointed. 

Exp. 78. Charge an insulated metal sphere with positive electricity. 
[a) t ouch any point on the surface with a proof-i)lanc, and bring it in 
contact with an uncharged gold-leaf electroscope. Notice the amount of 
divergence, {b) Discharge both the procrf'^plane and the electroscope, 
(r) Touch a different point on the sphere with the proof-planei and touch 
the electroscope as before. Notice that there is an equal divergence of the 
leaves. 

Ejq^. 70. Electrify an insulated pear-shaped conductor (Fig. 88). (a) 
Touch the rounded end of the conductor with a proof-plane, and bring it in 

contact with the disc of a gold-Icaf electroscope. Ooserve the amount of 
divergence of the leaves, {b) After discharging both the proof-plane and 
the electroscope) touch the pointed end a, and notice that we obtain a 
greater diveigence than before. 

* ExpurimenicU RcsearduSf 1173, 11 74' 
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Sip. 90. Charge a circular sheet of metal, placed on a varnished glass 
tumbler. Touch \a) the centre and {b\ the edge of the plate with a ptoof- 



r 




Fig. 8b 



plane, and observe that a greater diveigence of the leaves of m electro^ 
scope is obtained in the latter case. 

From these experiments we, therefore, learn that the 
electricity is of equal density on the sphere, but of unequal 
density on the pear-shaped coDductor and on the disc. 

Relation between Electric Density and Area. — 

Sip. 81. Use gummed paper to attach a sheet of tinfoil to a varnished 

glass rod. Cut the corners off 




Fig. 89. 



the other end, as shown in Fig. 
89. Gum a circular piece of 
paper near the bottom, and 
through the centre pass a silk 
thread to which a small metal 
ball is hung. The ball should 
be sufficiently heavy to ensure 
the tinfoil being tightly rolled on 
the rod. Dry the rod, and charge 
the tinfoil. Touch a point near 
the bottom, and on bringing it 
in contact mth an electroscope, 
notice the amount of divergence. 
Roll up the sheet on the rod, and 
again test the same place with 
the proof-plane and the electro- 
there is a greater divergence. This is dae tO' 



Mope. Observe that 

increased density, owing to the sur&ce becoming smaller. 
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In if A represents fhe area of a conductor, 

Q „ „ quantity of electricity, 
and p „ I, density, 

Ify therefore, we increase the area of a condactor, the 
quantity ^ remaining the same, we decrease the surface density, 

and vice versd. 

Electrical Density on differently shaped Conduc- 
tors. — We have learnt that density varies on conductors of dif- 
ferent shapes. We may represent this variation to the eye by 
dotted lines at various distances from the conductors (Fig. 90). 





Fig. 90. 



Coulomb performed many quantitative exper|men,ts .on 
distribution. He found that on a cylinder, having rounded 
ends, 30 inches long and 2 inches in diameter, if the density 

at the middle was represented by i, that at the ends was 2*3, 
while at i inch and 2 inches from the ends, it was 1*8 and 
X'25 respectively. 

Riess gave the density at the middle of the edge of a 
cube si times as great, and that at the comers 4 times as 
great, as that at the middle of a face* 

* The electrification or charge of an insvlftted condaetor is a meantraHe 
amantUy. By a charge of one unit is meant that charge on a very small 

body, which, if placed at a distance of one centimetre from an equal and 
similar charge, repels it with a force of one dyne (see Appendix). The 
medium betweeu the two charges is assumed to be air 

H 

* 
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It 18 advisable to point out that the distribution indicated 
in Fig. 90 is correct onljr when the conductors are remote from 
the influence of other electrified bodies. 

Action of Points. — The reason of this accumulation of 

electricity on pointed bodies may be deduced from the law 

respecting the density on 
an insulated conducting 
ellipsoid (represented in 
section in Fig. 91), Th4 
densUies of the charge at the 
extremities of the axes are 
proportimal to the lengths 
of the axes, i.e. density at 
Fig 91. A OF B : density at C or 

D : : A B : CD. Now, if 
A B is very long compared with CD, we have eventually a 
long, finely pointed body, at the end of which the density 
may be enormously great ; so great, indeed, that the conductor 
may be discharged* 

Ezp» 88. Electrify a shellac rod or other non-conductor by friction. 

Pass the point of a sharp needle over the surface two or three times with* 
out touching. Show, by means of an uncharged electroscope, that the 
non-conduclor is completely discharged. 

Coulomb's Torsion Balance. — By aid of this instru- 
ment Coulomb investigated the strength of the electric 6eld at 
a point, both with respect to (i) the distance, and (2) the 
quantity of electricity present With respect to the distance, 
he proved that the force of attraction or repulsion between two 
electrified bodies varies inversely as the square of the distance 
between them, Le» 

Foci. 

where F = the force of attraction or repulsion, and d = distance. 

The instrument consists of a light rod of shellac, p 
(Fig. 92), having at one end a small disc, n, and suspended 
horizontally within a cylindrical glass vessel, A, by a very fine 
silver wire. The upper end of the wire is fastened to a brass 
button, /, in the centre of a graduated torsion head, e^ which is 
capable of moving round the tube, d-, a being a fixed index 
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which shows the number of degrees the head is turned. A 
glass rod, passes through the apeituie, /, and is terminated 
in a gilt pith ball, (the carrier 
ball). A scale, oc^ graduated 
in degrees, is &iLed round the 
glass cylinder on a level with 
the pith balL 

Method of using the inshru' 
ment The torsion head is 
tomed until the disc n and the 
pith ball m are in contact. 
The glass rod / is removed, 
the ball /// charged, and then 
quickly replaced* When m 
and n touch, » receives partoi 
the chaige of and is there- 
kitt lepelled. This causes 
the wire to become twisted. 
The force of repulsion be- 
comes smaller as the distance 
between /n and n increases, Fic. 9a* 

while the force of torsion be- 
comes greater. Hence at a certain distance these two forces 
balance eadi other. Now, when this is the case, as the force 
of torsion is proporUonal to the angle of torsion^ the number of 
degrees on the scale c is read. 

In one of CouIomVs experiments the angle between m and 
n was 36°, i,e. the torsion on the wire was 36°. The torsion 
head was then turned until m and n were 18° apart {i.e, the 
distance was halved). This was accomplished by turning the 
disc through 126^^ in the opposite direction, which, together 
with the twist of 18^ at the lower end of the wue, made a total 
twist of 144''. To bring m and n 9^ apart {ix, to make the 
distance one quarter of the original distance) it was necessaiy 
to turn the disc through 567° : in thb case^ therefore, the txAaX 
torsion was 576°, whence 

the distance being i : ^ : f 

the force of repulsion was 36 : 144 : 576 

t*e^ » w I : 4 : 16 
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Now these numbers are obtained by squaxang the distances and 
then inverting : proving that the force &f repulsion tfories 
ifwerseiy as the square of the distance. 

By a somewhat modified experiment, the force of attraction 
between two oppositely electrified bodies was proved to follow 
the same law. 

Coulomb also proved by means of this instrument that, the 
distances remaining constant, the Jorce of attraction or repulsion 
between two small dectrified bodies is proportional to the product 
of the quantities with which they are charged. 

A charge was given to When n was brought in contact 
with niy repulsion ensued, and the angle (say 60°) between them 
was observed. Afterwards half the charge on m was removed 
by touching it with an insulated uncharged ball of equal size. 
It was then found that when m was again introduced (without 
contact with n) that the torsion head had to be twisted 30° to 
bring m and n to their original angular distance of 6o^ The 
torsion on the wire is therefore 60° «- 30^ s 30% le, half the 
original torsion. Thus the repulsive force is halved on halving 
the charge on m. 

These two laws are generally included in one equaUon — 

where F = force of attraction or repulsion ; 

q s quantity of electricity in one charge ; 
^ s quantity of electricity in the other ; 
and d = distance between them. 



Exercise VIII, 

1. An electrical machine is placed in an insulated chamber which is 
lined inside with tinfoil. The rubber of the machine is connected with the 
tinfoil. What will be the effect upon an electroscope placed outside and 
connected with the chamber when the machine is in action? Explain 
your answer. 

2. Describe Coulomb's torsion balance, and the method of using it for 
the purpose of comparing the quantities of electricity in the same Leyden 
jar on two different occasions. 

3. A wire is fastened by one end to the inside of a deep insulated metal 
jar, and by the other end to an electroscope. When the jar is electrified 
ihe leaves of the electroscope diverge ; but no charge is given to a proof- 
plane put in contact with the inside of the jar. Explain these results. 
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4. A hollow metal vessel is insulated, connected hj a wire with a gold* 
leaf dectroseope, and charged with electricity. The leaves diverge. An 
uncharged metal ball is lowered into the vc^^sel without touching it, (l) by 
a silk thread, and (2) by a wire. What is the effect on the gold leaves in 
each case ? 

5. Two insnlated metal spheres, charged respectively with -K 5 and 

— 5 units, are placed one metre apart What is the direction <h the 
resultant electric force exerted on a small + charge at a point (me metre 
distant from the centres of each of the spheres ? 

6. Two small insulated spheres are charged respectively with + 30 and 

— 10 units of electricity. What will be &e force of attraction between 
them, when they are placed 5 centimetres apart? 

7. Two small insulated balls are respectively charged with — 12 and 
4- 1 3 units of electricity. What will be the force of attraction between 
theoBt if thinr are placed 6 centimetres apart ? 

8. The rorce of attraction between two small balls was S dynes, when 
they were placed 6 centimetres apart. What is the charge on each, if the 
4- charg^e was twice the — charge ? 

9. In Coulomb's torsion balance, when tn (Fig. 92) is introduced, n is 
repelled through 30^. How much must the torsion head be turned to bring 
fl» and i» 15^ apart? 

10. If m and n be 20° apart, and a torsion in the opposite direction 
0/70° be given to the cap, find the deflection of the needle. 
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CHAPTER VIII. 
POTENTIAL. 

A KNOWLEDGE of electrical potential is of such vast importance 
and value, owing to the extensive use of the term by electricians 
of the present day, that it is necessary to study its meaning in 
detail. 

First Notions. — («) When a positively charged conductor 

is connected with the earth, electrification is transferred from 
the body to the earth.* 

(/^) When a negatively charged conductor is connected 
with the earth, electriiication is transferred to that body irom 
the earth, 

if) When two insulated charged conductors are placed in 
contact^ or are connected by means of a conducting body, 
electrification may or may not pass from one to the other. 
Now, whether electrification is transferred or not depends upon 
the electrical condition of the conductors. If the electrical 
condition of the conductors is such that electrification passes 
from one to the other, the one from which it flows is at a 
higher potential than the one to which it flows. Thus in {a) 
the conductor is at a higher potential than the earth; in {p) 
the earth is at a higher potential than the conductor. When 
no electrification flows from one conductor to the other they 
are at the same potential. 

* It must be mentioned that it is usual in electrical science to consider 
the transference, flow, or current of positive electricity only. The nega . 
live current is n^lected, as it is merely another method of viewing the 
same tnmsference. Flewt or ettrrtnt, are, however, merely conyentioiial 
terms. Such expressions as "electricity flows," "heat flows," "light 
travels," etc., convey certain ideas to our minds. All we actually know 
respecting a wire through which electricity passes, is that it acquires new 
and different properties. 
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We may therefore regard the foienfial of a conductor as 
that relatively electric condition which determines the direction 
of the transfer 0/ electricity. 

When the conductors, whose potential is spoken of^ are 
removed from the electrical influence of other bodies^ we may 
regard a positively electrified conductor as one electrified to 
positive potential, and a negatively electrified one as being 
at negative potential. On the other hand, as we shall pre- 
sently prove, two insulated conductors in contact under the 
inductive influence of a charged body may be differently 
charged, though at the same potential. 

The student will, therefore, see that the term potential 
is a relative one, i>. we compaxe the potential of one body 
with that of another. It is convenient to have a standard 
of reference whose potential is considered to be zero. As 
there are no electrical forces at a place infinitely distant fi^m 
all electrified bodies, its potential would be zero. Such a 
place is, in fact, the zero potential in the mathematical investi- 
gations of the subject. For experimental purposes, however, 
we assume the earth to be at zero potential, so tliat the 
potential of a body is the difference between its potential and 
that of the earth. 

When a body charged with positive electricity is moved 
towards another body also charged with positive electricity 
we have a certain amonnt of resistance. To overcome this 
resistance, work must be done upon the electrified body moved 
up, which, of course, is measured by the product of the resist- 
ance and the distance moved against the resistance. On the 
other hand, work is often performed ly charged bodies in virtue 
of their attractions or repubions. Thus, electrified bodies are 
either capable of doing work or of requiring work io he done on 
them, so that we shall presently give a definition of potential in- 
volving the idea of work. Before doing thfe, however, the student 
will be considerably assisted in grasping the meaning of the 
term by its analogy to other subjects with which he is familiar, 
viz. temperature and gravitation level, and it is necessary to 
bear in mind that we have, in all these terms, merely states or 
eandiiioHS of bodies. The temperature of a body, for example. 
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is not heat, but a state or condition of the body with respect to 
heat that afifects the senses* In the same way, the potential of 
a conductor is not electricity, but merely the staie or imdiHoH 
of the conductor iviiich determines the transfer of electricity. 

T€mferaiure.'^{i) When we say that the temperature of the 
air, on a certain day, is 15** C, we mean that it is 15** C. above 
a standard point of reference — the freezing point (0° C.) ; or 
if we say that the temperature at another time is — 10° C, we 
again mean that it is 10° C. below the same point of reference. 

(3) If two bodies at different temperatures are put in 
thermal communication, heat flows from the body at higher 
temperature to the one at a lower, and will continue to do 
so until the temperatures are equal 

Zeffel, — If we say that a mountain is ten thousand feet high, 
we mean that it is ten thousand feet above an arbitrary standard 
of reference — the sea level ; or again, if we say that a house is 
thirty feet high, or a well eighty feet deep, we usually adopt 
another standard of reference, viz. that of the earth's snr£au:e 
close to the house or well. In every case when we measure 
heights or depths, we do it with reference to some well-known 
arbitrary zero level. 

(2) If two or more vessels containing water at different 
levels are put in communication at their bases, by means of 
a pipe or pipes, water will flow from the one at higher level to 
the one at a lower level until it reaches the same level in all 
the vessels. 

These analogies must not be pushed too far, e.g. (i) with 
respect to kvd and patifUial^ electricity resembles a fluid in its 
capability of flowing along conductors from bodies at a certain 
potential to those at a lower potential There is no flow of 

matter as there is when water flows, /.<?. electricity has no mass. 

(2) With respect to tc7nperature and poteniial ; increase of 
temperature may cause a solid to assume a fluid form, but no 
such physical change is brought about in a body by raising its 
potential. 

Meararement.— of tmperaiure may be mea- 
sured in many ways; one of which is by observing the height 
of a column of mercury in a thermometer. 
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Differmce of gravitaiwn level is measured practically by 
means of measuring rods or tapes. There is, however, another 
purely theoretical method, by which it is possible to measure 
differences of level, viz. by considering the amount of work 
done in carrying a certain mass from one level to the other. 
Thus, suppose that we carry a mass of a pound up a vertical 
tower^ the base of which is at the level of the sea. II 
it be carried to a height of one foot^ we perform one foot<» 
pound of work ; if, to a height of ten feet, we perform ten 
foot-pounds of work ; if, to a height of a hundred feet, the 
work done is a hundred foot-pounds, and so on. Thus, know- 
ing the amount of work expended on a given mass, we can 
calculate the height to which it has been carried from our 
standard point of reference — the sea level — i,e, we know the 
difference of level between the sea and a certain point 

Similarly, if the mass of one pound fells, we know the height 
from which it fidls, when we know the amount of work done by 
the mass. 

When we include the idea of work in measuring differences 
of gravitation level, they may be termed differences of gravi- 
tation potential. 

Difference of electrical poienticU is measured by an exactly 
similar method, which will be understood from the following 
eiqilanation .* — 

Suppose that M (Fig. 93) is a small insulated sphere which 
is charged positively, and which is removed from the influence 



of all other electrified bodies. If we cause another positively 
electrified body, N, to approach M, repulsion ensues, the force 
of which depends upon two factors — (z) the quantities of elec- 
tricity on M and N, and (2) the distance between M and N, 

according to the well-known law, F OC ^-^r* 

To fix our minds, let the charge on N be one unit of positive 





H 



Fig. 93. 
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electricity, and let it be placed at an infinite distance from 
M. As it is moved towards M, at first the work spent will 
be exceedingly small ; as, however, it is brought nearer and 
Dearer the amount of work which has to be expended con- 
tinaally increases, for the distance between the two chax^ges 
becomes smaller, and therefore, in accordance with the above 
law, the repulsive force becomes greater* 

Now, when the unit charge reaches Ni the work spent 
against the force of repulsion will be a definite quantity ; at 

it will be greater ; at N3 still greater, and so on* 

The amount of work expended on the unit charge, when 
it reaches these points, represents the potential at the points 
due to the charge on M. 

If, on the other hand, the charge on M had been a negative 
one^ we can measure the potential at any point by two 
metliods : either (z) by measuring the work dmu in removing 
a positive unit from that point to an infinite distance, or (2) 
by measuring the amount of work done by a positive unit when 
it is moved to the point from an infinite distance. 

On these considerations the potential at any point is 
defined as the work which must be spent upm^ or done by, a unii 
0f positive eleeincity when it is trougiU from an infinite distance 
to that point 

Bleetfical Potential at a Point.— If we have a charge 

Gahcd. y^ 
' 1 — 

A 8 C 

t T • 




Fig. 94. 

of Q units on a conductor, the absolute potential at any point, 
at a distance r centimetres from the conductor, is equal to ^ 
The following elementary proof of this formula may be 

given : — 

Let us consider thai M (Fig. 94) is charged with Q units of 
positive electricity. Let the distance from M to A be r, and 
that of a point £ further removed from M, 
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Divide the distance between B and A (/ - r) into a very 
large number of equal parts, Ka^ a h, ac . . . . « B. 

Let be the potential at A, and \\ that at B. 

Now, the difference of potential between the points A and 
B = the work done in moving a unit of positive electricity 
from B to A against the repulsive force due to M and the 
unit chaige : 

but work is the product of the mean force and the distance 

through which the positive unit moves against the force ; 
difiference of potential between A and B = force x distance 

between B and A 
U - Vb = P(/ - r). 

Now, the force at A exerted between Q and the unit charge ^ ^ 

Q 

Similarly, the force at ^ „ „ „ „ = ^ 

{a being the distance between M and the point a, Fig. 94.) 

» » w » »> i> ^ 

t% W " ff W ff ff 

B -9 

99 ff ff ff ff ff — ^% 

Now, as the spaces between A and a and l>, etc., may be 
made as small as we please, there will be no material difference 
if we call r x a the mean between and c^^ 

ue, mean force between r and a = ^ 

ra 

/• work done in moving the unit charge from a to A 

-2(.-^.Qe-i) 

' A uumerical example will perhaps make this statement clear. Sup- 
pose each of the small spaces between A and B s *oi cm. and that 
rs 10 c.in.9 then a = 10*01 cm., 

then = \oo 
and a' = ioo'20ol 
200*2001 

SO that the mean between and a* = s 100*10005 

2 

but r X a = 10 X 10*01 = loo'i 
so that the difference between the mean of r* and a* and r x a is only '00005 . 
If the distance between A and B had been still smaller (say 'ooi cm.) the 
difference between the two resnlts would have been only '0000005. 
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Similarly the work done in moving it from bX,o a 

and from c and ^, the work = Q - etc.> 

finally from B to = Q — 
whence, adding these equations, the work done in passing from 

B» a.qJO - ;) + (J - J) + (5 - !)+ - ^ - % 

£<vV.-t..q(J-!,) CO 

If £ is at an infinite distance irom M then r' is infinite, 
so that ^ = o 

whence, from equation (i.), = ^ (il) 

Potential at a Point due to a number of Electri- 
fied Particles. — ^If there are 

a number of charges Qi, 
Qj, etc., at distances 
etc., respectively from the 
point A (Fig. 95), then 

V^ = ^4-Q?4-Q? + etc. 
r 

where S is the sign of the 
summation of the series. 
An instrument which measures differences of electrostatic 
potential is called an Electrometer. The construction of 
such instruments will be described later (see p. zds), so that 
experiments on potential will be omitted for the present 
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EXSXCISB IX. 

1. What is the difference of potential between the points A and B 
(Fig. 94), if M be charged with 72 units of positive electricity ; the distance 
of A bdng S cm., and that of B 12 cm. ? 

From equation (L) we have Va - Vb s 7a(| ~ ^) s 3 

ijt. the amoimt of work spent on the positive nnit in moving firom B to A 
will be 3 ergs. 

2. What is the absolute potential at the points A and B in example I. 

3. Charges of lo units of 4- electricity are placed at three corners of 
a squsre, the side of which is 8 cm. Find the potential at the other 
ooraer. 

4. Charges of 10 units of + electricity are placed at the four corners 
of a square, the side of which is 8 cm. Find the potential at the point of 
intersection of the diagonals. 

5. The charges at the comers B C D of a square are eqnal to 6» 5» 9 
units of + electricity respectively. If the sides of the squaxe aie lOcm. 
long, find the potential at the corner A. 

6. The charges at the four comers of a square are equal to 7, 5, 9, 4 
units. Find the potential at the point of intersection of the diagonals, if 
the sides measure 10 cm. 

7. Charges of 20 units of + electricity are placed at the four comers 
of a square whose sides measure 10 cm. Find the potential at the middle 
of cue of tile sides. 

8. Chaiges of + 10, + IS* - 5» 4 units of electricity are placed at 

the corners A, B, C, D, respectively, of a square whose side is lO cm. 

long. Find the potential at the middle point of C D. _ _ 

9. A B C is an equilateral triangle, whose sides are S cm. long. Find 
the potential at the iniddle of me tiie sides, if 10 units of 4- dectridty 
•re placed at each comer. 

10. ABC is an isosceles triangle, of which A B, A C are 8 cm., and 
B C is 4 cm. loD^. At the points A, B, C respectively, there are + 20, 
+ 9, and — 5 umts of electridty. Find the potential at the middle point 
ofBC. 

11. Twenty units of -f electricity are placed at the middle points of 
the sides of an equilateral triangle, the sides of which are 9 cm. long. 
Find the potential at the centre of the inscribed circle. 

13. Charges of 10, ao^ 30 units of + dectridty are placed at the 
corners A, B, C respcctivdy, of a square, whose sides are 10 cm. long. 
Find the potential at the comer D, and at the centre O. Find the amount 
(tf WOTk necessary to be done in order to bring a + unit from D to O. 

Equipotential Snrfaeen.— We have learnt that the 

potential at any point, due to a charged body, depends merely 
upon the quantity of the charge and its distance from the 

point; in fu^t, it equals ^ 

Now, a charge, Q, on a small sphere, M (represented in 
section in Fig. 96), uninfluenced by other electrified bodies. 
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acts as though the charge were collected at the centre, so that 
all points situated at the same distance, r, from the centre of 

the charged sphere will have the same potential, viz. 

such points will, tfaerefoie, 
lie 09 the wahot of a 
sphere, the centre of which 
is at the centre of M. The 
surface on which all points 
are at the same potential is 
called an eqnipotential 
surface. 

We may draw a system 
of eqnipotential suin&ces, 
due to a charged sphere^ 
so that there is a unit dif- 
ference of potential between 
Fig. 96. each surface, i.e, so » that 

one erg of work is done by 
canying a unit of positive electricity from one surface to the 
nex^ as follows : — 

Let M (Figi 96) be a small sphere charged with twelve 
units of positive electricity. 

NowV = ^/.r«^ 

To obtain the surface where V = i with this charge, 
we, therefore, have r = 12 
Where V = a we have r = 6 
f» V = 3 „ „ ^ = 4 
«« V = 4 „ „ r = 3, etc 

I 

Thus the distances between the surfaces, upon which there 
is unit difference of potential, become greater and greater as 
we recede from the charged body. 

The student must not get the impression that eqnipotential 
surfaces can only be described at gradually increasing distances, 
because, of course, any sphere having M as centre is of neces- 
81^ an eqnipotential surface. The above method of drawing 

I 
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them is that employed when there is a unit difference of 
potential between each surface. 

When there are two electrified spheres situated near to- 
gether, the equipotential surfaces are not spherical ; and when 
there are more than two electrified bodies situated near 
together, the equipotential surfaces are exceedingly com- 
plicated. 




Fig. 97. 



Fig. 97 shows an electric field, produced by two similar 
charges, one, at A, of twenty units, and the other, at B, of five 
units. "Here each point is surrounded by a system of 
equipotential surfaces which become more nearly spheres as 
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they become smaUer, but none of them are accurately spheres. 
If two of these suriacesy one surrounding each sphere, be taken 
to represent the surfaces of two conducting bodies, nearly but 
not quite spherical, and if these bodies be charged with the 

same kind of electricity, the charges being as 4 to i, then the 
diagram will represent the equipotential surfaces, provided we 
expunge all those drawn which are inside the two bodies. It 
appears from the diagram that the action between the bodies 
wiU be the same as that between two points having the same 
charges, these points being not eicactly in the middle of the 
axis of each body, but somewhat more remote than the middle 
point from the other body." ^ 

Lines of Force. — The space, surrounding a charge or a 
number of charges, over which the electrical influence extends, 
is called the Jieid of electrical force. If we suppose that we 
have a very small sphere, charged with a unit quantity of 
positive electricity, brought into the field, it will at any point 
be uiged in a certain definite path, the tangent to which at 
that point is the direction of the resultant of the electrical 
forces, whether of attraction or repulsion. The line which 
marks this path is called a line of force or a line of electrical 
induction. Every field contains an infinite number of lines of 
force which cannot intersect each other, for if they did, the 
resultant force at any point would act in two directions, which 
is absurd. They always cut an equipotential surface at right 
angles, so that the lines of force of a charged sphere, removed 
from the influence of other conductors, are stmxght lines radi- 
ating from the centre of the sphere. Generally, however, they 
are curved lines, for equipotential surfaces, in the majority of 
cases, are not spheres, as shown in Fig. 97. 

Electrical Capacity. — When we charge an insulated 
conductor with a certain quantity of electricity, we raise the 
potential of the conductor, but the extent to which it is raised 
depends upon the capacity of the conductor. 

The capadty of any conductor i$ measured hy the quantity 

* Elementary Treatise on Elect} icity, by James Clerk Maxwell. The 
diagram is from the same treatise, and is inserted here by kind permis- 
sion of the Delegates of the Clareadon Press. 
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of dedridty with which it must he ehargsd in order to raise its 
potential from zero to unity* Thtts, a small insulated sphere 
would require a small quantity of electricity to raise its potential 
from zero to unity, />. it has small capacity. On the other 
hand, a large insulated sphere must be charged with a large 
quantity of electricity in order to raise its potential from zero 
to unity, Le. it has a large capacity. We therefore learn, that 
the potential of a conductor depends both upon its amount oi 
charge and upon its capacity ; in fact, if C be the capacity 
of a conductor, Q the quantity of electrid^ with which it is 
charged, and V the potential, then 

C = ^ or Q = CV 

By aid of this formula, we are ^ble to obtain the potential 
of a number of conductors, placed at considerable distances 
apart, whose capacities are Ci, C» Ca, etc, and whose initial 

potentials are Vi, Vg, V3, etc., respectively, when they are 

joined by fine wires (the capacities of which we may neglect). 
They all acquire the same potential, V, so that we have 

V(Ci + C, 4- C, + etc) = Vid + V,C 4- V,C + eta 

. V - ViCi + VaC. 4- V3C, 4- etc 
• Ci + C-HC, + eta 

Unit Capacify.-l-7y/'<? capacities of spheres are proportional 
to their radii; for suppose we have an insulated sphere, removed 
from the influence of other charged bodies, of radius r, and 
chaifged with a quantity of electricity, Q, then 

the potential (V) at the surface = ^ 
whence substituting this value in the formula C s ^ we have 

— r 

If r is I, C is also i ; hence the unit of electrostatic capacity 
is the capacity of a sphere of unit radius^ placed in such a 
position that it is unii^uenced by otlier charged bodies 

1 
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SubdiTiaion of Charges on Spherea.— We are now 

in a position to understand the subdivision of charges on 
spheres when they are put in conducting communication with 

each other. The quantity of electricity taken by each will 
depend upon its capacity. 

I. Spheres of tyual capacity, i.e. of equal radius. 

{a) If we charge an insulated sphere with a certain 
quantity of electricity, and then bring another insulated sphere 
of equal size in contact with it, each one will contain half the 
original charge; if, on separating them, another be brought 
in contact with either, it will receive half its charge, /.^ a 
quarter of the charge originally imparted to the first sphere. 

{b) If two equal insulated spheres be charged, one with ten 
units of positive electricity, and the other with twenty units of 




Fig. 9S. 

positive electricity, and ihen placed in contact, each will have 
half the sum of the two charges, i.e, fifteen units (Fig. 98). 
{c) Similarly, if one of them has originally twenty units of 




Fig. 99. 

positive electricity, and the other ten units of negative elec- 
tricity, after contact each has — — = 5 units of positive 
electricity (Fig. 99), 
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9. Spheres of unggual capacity^ i.e. of unequal radius. 

If a large insulated metal sphere (Fig, loo) 
of radius r has a charge of Q units, and a 
smaller insulated sphere of radius / be brought 
in contact, and afterwards separated ; or if the 
two spheres be merely connected by a fine 
Umg wire (whose capacity we may neglect) 
and then charged with Q unitSy the quantities 
(q and ^ respectively) contained by each may 
be easily ascertained, for 

and the two conductors will be at one potential ; 




Fig. ioo> 



-r- t> 

whence ^-p 



Cii) 



Substituting the value of q' from equation (i.) we have 

* r-\- r 

Q/ 



and similarly q' = 



This relation is indeed true, and the proof is the same, for any 
two conductors of capacity C and Q respectively, 

and then q = and q = ^ 



ExBRass X. 

1. Find the quantity of electricity which must be given to an insulated 
^herc uf 6 cm. diameter, so that its potential may be raised from zero 
to 15. 

2. Three insulated metal spheres placed at considerable distance-:; apart 
are charged with electricity till their potentials are 2, 5, 7 respectively. 
If iheir radii are 2, 3i 4 respectively, find tiie potential of ihc whole systera 
when thqr are connected liy a fine wire. 



Digitized by Google 



11 6 Frictional Electricity 

3. If the mdii of the spheres were 4, 5, 6 cm. respectively, and their 

initial potentials were 6, 7, 8 respectivdiy, find the potential of the 

whole system when joined by a wire. 

4. 1 wo insulated metal balls, one being I cm. radius, and the otlier 
I "5 cm. radius, were each charged to a potential 70. ilnd the force of 
repulsion between the two halls when placed half a metre apart. 

5. Two insulated brass balls are joined by a long fine wire ; one has a 
diameter of three inches, and the other a diameter of one inch. A charge 
of 48 units of 4- electricity is given to them. How will the charge be 
distributed? 

6. A large insulated metal sphere is charged with 20 units of + 
electricity; another sphere of one-ninth the rndius of the first is brought 
in contact. How is the charge distributed -when ihey are separated? 

7. Two insulated metal balls are connected by a hne wire ; one has a 
radins of 5 cm., and the other a radius of 8 cm. They are charged, 
and, on testing the larger one, it is found to have a chai^ of 16 units. 
What was the total charge? 

Surface Density on Spheres. — (x) One sphere. We 
have already learnt that the density of electricity on any insu- 
lated conductor, when uniform, varies directly as the quantity 

and inversely as the surface, ue* 

Now, the surface of a sphere, whose radius is r, is 4arf*, 
whence, on a sphere, 

(2) Two spheres joined by a long fine wire. Let the radii 
be r and / respectively, and let them be charged with a 
quantity Q. The quantities received by each will be directly 
proportional to their radii, for 

whence q :^ iirif' (ii.) 

The density will, however, be inversely proportional to their 
radii, for from equation (L) 

4F:^::p.4irf*:p'.4iiy* 
whence from (ii.) r ; r' : : pr* : p'f* 

Uyp \ p Wf' \ r (iii.) 
Relation between Density and Potential on Spheres. 
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— ^The relation between density and potential on a sphere may 

be easily obtained, for 

r 

and p = 7^3* 
whence, by substitution, we have V = 4«r^ 

Exercise XL 

1. To what potential most we charge an insulated spheie of 7 cm. 
imdias, so that its surface-density may be rcprc L-ntcd by 2? 

2. To what potential must we chari^e au insulated sphere of lO cm. 
diameter, so that its surface-density may be represented by unity ? 

3. Two insulated brass balls are connected by a long fine wire. They 
are charged to a potential 40. If the diameter of one is fourteen times 
that of the other, compare their densities. 

XSleetrlo force exerted perpendicularly by a Con- 
ductor on a Point near it. 

(i) Let the conductor be a sphere. We have proved 
(p. 116) that if a quantity of electricity, Q, makes the surface- 
density on a sphere then 

Q = 47r/^p 

We have now to find the force exerted by this charge on a 
positive unit of electricity placed at a point infiniidy near the 
sorfiice. 

The chaige on a sphere acts as if it were accumulated at 
the centre of the sphere — ^thus the distance between the two 

charges is equal to the radius of the sphere ; 

q X (f 



the force of attraction or repulsion (F) ss 

whence, in the case under consideration, F = ^^-^-^ 

t.e. J* « — p- = 47rp 

(3) If the radius of the sphere increase indefinitely, so that 
the surface ultimately becomes a /Aw^, no charge occurs in 
this formula, provided that the density remains constant. In 
fact, as proved in mathematical treatises, the formula remains 
true for any surface. 
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This is an important result and must be carefully 
remembered. It may be expressed in words as follows 

The fine in dynes^ exerted hy an electrified eonductar on a 
point just outside it^ is numerically equal to 4t times the surface- 
density of the charge. 

Elementary Experiments on Potential. — To under- 
stand the meaning of the term "potential" more fully let us 
consider the following cases : — 

(a) All points on the surface of a charged conductor are at 
' the seme potential* 

£zp. 83. Attach one end of a lone fine wire (say five ur six feet of 
No. 33, B.W.G.) to the disc of a gold-leaf electrosoope»^ and the other to 



a small proof-plane. Charge an insulated pear-shaped conductor (Fig. 
loi). Place the proof-plane on the flat side of the conductor, and notice 
the amount of divergence of the leaves. Move the proof-plane to the 
pointed end, and observe that no further divergence of the leaves occurs. 

Thus every point of a conductor, on which the charge is in 
equilibrium, is at the same potential. If this were not the case, 
there would be a continual flow of electricity from the point at 
high potential to that at a low potentiaL 

' Although this instrument is not intended for quantitative experimentSi 

we can roughly ascertain, by observing the amount of divergence of the 

leaves, whether an electrified body is at a higher or lower potential than 
the tinfoil strips on the sides and base. Further experiments will be givev 
after Thomson's quadrant electrometer has been explained. 




Fkc aot* 
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{b) Potential within a closed conductor. We have proved 
by Experiments 759 7 6, 77, that there is no electric force inside 
a closed conductor. As there b no force, there can be no 
change of potential from that of the 8Ui&ce,/.«. the ^tentialof 
the interior of a closed conductor is the same as the potential 

of the surface. 

(c) Changes of potential during iiuiuciion, (i) If an un- 
charged gold-leaf electroscope be brought near a positively 
charged conductor the leaves diverge with positive electricity, 
because the electroscope has acquired a certain positive 
potential depending upon (a) the quantity of the charge on 
the conductor, and {p) the distance between the conductor 
and the electroscope. The student should notice that, although 
the leaves and the disc are oppositely charged, the instrument 
is at tJie same potential all over. 

(2) Bring the conductor towards the electroscope. The 
leaves diverge more, the potential has therefore increased, due 
to the diminished distance. 

(3) Touch the electroscope with the hand. This, of course, 
at once reduces it to the potential of the earth, i.^. zero 
potential, and the leaves coUapse. Under this circumstance 
its first potential (due to its position in a region of positive 
potential) is now exactly counterbalanced, owing to its negative 
charge. 

(4) Remove the hand and then the charged conductor. 
There is now no region of positive potential to be counter- 
acted, so that the negative charge on the electroscope reduces 
it to a negative potential 

£xp. 84. (i) Insulate a gold-leaf electroscope, and connect the disc 
with the tiiiloil strips on the sides and base by conductors — say two strips 
of tinfoiL Using a strongly electrified rod, chaxge the instrument by 
induction. Observe that there is no divergence of the leaves. 

(2) Now remove the conductors by means of a non-conducting rod. 
The leaves remain at rest. 

(3) Touch the disc with the finger. Observe that the leaves at once 
diverge. 

The ex|)lanation is simple. When the base, strips, and disc 
are put in conducting communicatioD, they are at one potential 
— whether it is high or low is immaterial Thus we leam 
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that tke leaves remain at test unless the disc and base are 
at different potentials. Tonching the disc brings it to zero 
potential, i.e, disc and base are brought to different potentials, 
and the leaves diverge. 



£X£RCIS£ XIL 

1. Two conducting spheres, the diameters of which are in the propor* 
tion I : 2, are charged with equal quantities of positive electricity. They 
are placed in turn near to another positively charged sphere (S), so that 
the distances between the centres are in eadi case the same. Find the 
ratio of the forces with which S is in each case xepdied, afwnming thst the 
charges are uniformly distributed over the spheres. 

2. Two charged insulated metal spheres are connected by a long wire. 
If their radii axe oue and two feet respectively, on which is the density of 
the charge the greater, and what is the rebttion between the densities on 
the larger and smaller respectively ? 

3. A metal ball A is placed at a distance of one foot from an electrified 
ball B. It is then connected for a moment with the earth. If the ball A 
is now placed two feet from B, and again connected with the earth, com- 
pare the charges acquired by A in the two cases, and explain the lesnlts, 
assuming that in each case the chai^ges of both A and B aie unifonnly 
distributed over them, 

4. Two brass knobs ^ inch apart are connected by insulated wires, 
one with the inner coating of a Leyden jar and the prime ccodiictor of 

*an electrical machine, the other with the outer coating of the jar and the 
rub!>er of the machine. On working the machine, seven turns of the 
handle are required to make a spark pass between the knobs. If now 
four equal and similar jars, with their like coatings connected together, are 
used imtead of a single jar, a greater number of turns of the madilne are 
needed to cause a spark to pass between the knobs : show why, and bow 
many. 

5. Water is allowed to escape, drop by drop, from a tube connected 
with an insulated vessel. The knob of a charged Leyden jar is placed 
near tfie end of the tube from which the water drops, but so that the water 

does not touch it. What will be the effect on an electroscope connected 
with the water-vessel ? On what does the ultimate electrical condition of 
the water-vessel and electroscope depend ? 

6. One pole of a battery of many cells is earth-connected, and a long 
insulated wire projects from the other end. Two insulated metal balls, of 
one inch and five inch diameter respectively, are put one after the other in 
contact with the end of the insulated projecting wire. What are the com- 
parative quantities and denaties of the electricities on the two balls? 

7. A large, strongly electrified metal ball is lurought towards a similar 
unelectrified ball supported by a dry glass stem, as near to it as possible 
without a spark passing between the balls. The balls remaining at this 
distance, the unelectrifi^ one is touched with the finger, and immediately 
there is a spark between it and the othear baU. Bxplam this. 

8. A gold-leaf electroscope is put inside a tin can, which is hung up 
by silk cords so as to be insulated. On holding a strongly electrified glass 
rod below the can, no divergence of the gold leaves takes place j but on 
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touching the cap of the electroscope with the finger (without touching the 

can) the lesm alveige. Explain these molts. 

9. An insulated conductor, rounded at one end and pointed at the 

other, is charged. Two small equal spheres supported by insulating stands 
are made to touch the two ends and then removed. Will electricity pass 
from one apheie to Hie other if they aie connected by a wire, (i) when 
tibey aie in contact with the conductor, (2) when they aie removed to a 
dutance from it t 

10. A charged electrophorus being capable of supplying an indefinitely 
lai^e amount of electricity, explain why the charge ii can convey to an 
insulated sphere is practically hmited« 

11. Two equal soap-bubbles, equally and similarly electrified, coalesce 
into a single larger bubble. If the potential of each bubble while at a 
distance from the other and from all other conductors was P, what is the 
potential of the hobble fbrmed by their union? (li.B. — ^Volume {v) of a 
sphere is proportional to cube of radius (f), oxv = | vi^.) 

12. Three metal balls, the diameters of which are respectively 5, 7, 
12 inches, are all connected together by a fine wire, but are otherwise 
insulated. If the smallest ball has a charge of 10, what are the charges 
on the other halls? 

13. Two insulated and widely separated metallic spheres receive 
charges of positive electricity, which raise their potentials to 4 and 5 
respectively. The densities of the charges being in the ratio 4 : 9, compare 
the radii of the balk. 

14. An insulated brass sphere of 4 cm. radius is brought into a re^on 
where the potential is 5. It is then brought into eardi«connection and 
removed. What is its free charge ? 

15. An insulated brass sphere was brought into a region where the 
potentia] was 10, touched witn the finger and then lemoref It was found 
to have 40 units of negative electricity on it. What was its radUns? 

16. How much work has to be spent in charging a sphere from potential 
0 to 12, the diameter being 4 cm. ? 

17. If the radius of a sphere is 6 cm., how much work has to be ex* 
pended 00 it to raise its potential from o to 50? 
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CHAPTER IX. 

CONDENSERS AND CONDENSATION, 

Bipi S8i Place a large sheet of tin on an earth-connected copper wire 
lying on a table. Place on this a smaller sheet of varnished glass pro- 
vided with two silk loops (Fig. 102), 
and oa this another smaller sheet of 
tin. Connect the uppermost sheet 
by means of a wire with a gold-leaf 
electroscope. Now charge a proof- 
plane, by placing it on the prime 
conductor of an electrical machine 
in motion, and then touch the upper 
sheet of tin with it. Notice that, 
even after this process has been re- 
i'\Q. 10a. peated several times, there is no 

movement of the gold leaves. Lift 
the glass by the silk loops, and observe that the leaves immediately diverge. 

When the two conductors are near together, the positive 
charge on the upper sheet induces a negative charge on the 
upper surface, and a positive one on the lower surface, of 
the bottom sheet. The induced positive charge, of course, 
escapes through the wire to the earth, and the induced 
negative charge reacts on the inducing positive charge, 
attracting and accumulating it on the side next the glass, 
and therefore rendering the upper sheet capable of receiving 
a further charge. 

Thus we learn, that the capacity of an insulated conductor is 
increased when another conductor^ especially if it be earth-con- 
nected, is brought tiear^ and is diminished when it is removed 
farther away. 

In the last experiment, because the capacity is changed, 
the quantity remaining the same, the potential is changed. 
This will be readily understood by aid of the formula 

V s for when the two conductors are near together the 
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capacity is great, and therefore the fraction ^, ue, the poten- 
tial, is small; when, however, the charged conductor is re- 
moved from the influence of the lower conductor, its capacity 
becomes very much smaller, and, therefore, the potential 
becomes much greater; and a transference of electricity, 
therefore, takes place from the tin to the electroscope, as 
shown by the divergence of the leaves. 

By using two conductors separated by a non-conductor, 
the charge is condensed ox acawtulated ; and such arrangements 
are called condensers or accumulators. 

Franklin's Plate or Fulminating Pane is a condenser 
consisting of sheets of tinfoil fastened on a plate of glass. 
The tinfoil sheets are smaller than the glass; in fact, if the glass 
plate be approximately 12 inches by 10 inches, a two-inch 
margin may conveniently be left between the edge of the 
tinfoil and that of the glass. 

Epinus's Condenser consists of two insulated brass 
discs, A and B (Fig. 103), with a plate of glass, C, between 




Fig. 103. 



them. The brass plates are capable of being moved back- 
wards and forwards, and each is provided with a pith-ball 
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or 





um, which may be situated as shown in Fig. 103, 
may be attached to the back of the plates by means 

of bees-wax and a hbre of silk. 

Sxp. 86. By means of wires, con- 
nect A with the earth and B with the 
prime conductor of a machine (Fig. 
104). Remove tiie two plates apart, 
80 that when B is charged, it has no 
inductive influence on A. Work the 
machine, and notice that the pith- 
ball on B rises. Cease turning, and 
bring A gradually towards B, and 
Fig. 104. notice the gnulual fall of the pith-ball. 

The explanation is similar to that of Experiment 85. The 
proximity of A and B increases the lattefs capacity, and there- 
fore diminishes its potential, as shown by the fall of the pith- 
baU. 

Exp. 87. An excellent illustration of this action may be shown by con- 
necting each plate of a condenser with a gold-leaf electroscope, by means of 
wir^ Charge A positively, and B negatively. This is best done by induc- 
tion. Observe that when the plates are some distance apart the leaves 
diverge, but on bringing the plates near together, the leaves collapse. 

Exp. 88. Slowly separate the plates ; notice the gradual divergence of 
the leaves. The capacities are diminished, and the potential is, therefore, 
increased. 

Exp. 89. Place the discs (Fig. 104) in contact with the glass. Connect 
B with the machine, and keep A insulated. Electrify, and observe the 
rise of both pith-balls. ^ - . 

The charge on B is, of conise, on the snriace of the conductor, part 
bdng on the side near A, and part on the remote side ; while on A there 
is a ne^^ative charge on the face near B, and positive on the remote face. 
The opposing charges on the inner faces (positive on B and negative on A) 
are sometimes spoken of as "bound," while those on the outer faces are 
called ^'firee." 

(a) Touch A with the hand. Notice that the pith-ball a falls ; due 
to the removal of the free positive charge, and consequent fall to zero 

potential. . . . , _ 

ib) Using a non-conductor, remove the wire passing from the plate B 
to the machine. This, of course, leaves the potential undianged; the 
pith-balls are therefore unaffected. 

{c) Touch B with the hand : the free positive charge is removed and 
the potential sinks to zero ; the pith-ball b consequently falls. This change 
in me potential of B causes that of A to change ftom tero to negative, for 
before B was touched, the negative charge on A was sufficient in amount 
to counteract its position in the region of positive potential ; when, how- 
ever, B is touched, the negative charge becomes too great for this purpose, 
and therefore renders its potential negative, as shown by the rise of the 
pith-ball a. 

id) Touch A. Notice the iisill of the pith-ball a, owing to its potential 
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becoming zero. A's alteration in potential (from negative to zero) causes 
an alteration in that of B (viz. from zero to positive). The pith-ball 6 
tfaevefore rises. 

These operatioiis may be repeated many times if the Instrament is 
quite dry. 

This method of discharging a condenser is called the slow 
or aliemaHe discharge. 

The reason of the slow dissipation of the charge by such 
alternate contacts, may be given as follows : — 

(1) Suppose we have two equal plates, A and B, of a con- 
denser in contact with the glass, of which A is fully charged 
and B is put to earth ; suppose, further, that the charge on A 
be unity (+i), this will induce a slightly smaller charge on 
B (say, xVx^), the remaining portion (y^^) being induced on 
other smrounding bodies. 

Thus, on A, x-Jij^ represents the free charge, and -{^-^ the 

bound charge ; 
while on B, — represents the bound charge. 

(2) Let B be insulated and A touched, thus bringing 
its potential to zero. The 1^ bound charge on B will 
induce + -AAf <>/ charge on A, while the remaining 

of its charge will be on surrounding bodies ; thus we have — 
on A, -f -j^^ of yVir* which represents its bound charge, while 
on B we have — of VW, which represents the bound 
charge, and - of free. 

Generally, calling the fraction -^Vf = ^ and = n, and 
the total quantity = Q, we have, in case (i) above, 

on A, «Q = free charge and »iQ = bound charge, 
while on B, — = boimd charge ; 
in case (2), we have^ 

on A, + »i*Q =s bound charge ; 
while on B, — mKJ » bound charge and — ««Q = free charge. 
Now let A be insulated, and B touched, we then have 

on A, Ttf/i^Q^ = free charge and w'Q = bound charge, 
while on B, — ;;i'Q = bound charge. 
Similarly, after x discharges, 

the bound charge will be ± iw*Q, 
while the free charge will be ± nnf'-Kl. 
Hence, every time a plate is put to earth only a fraction 
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of its charge, becoming free, is removed, so that the charge 
disappears but slowly. 

The Leyden Jar is another form of condenser, and is 
made as follows : — Obtain a wide-mouthed glass bottle about 
six or seven inches high. First, paste tinfoil 
on the inside of the bottle, leaving one and a 
half or two inches of glass uncovered at the top 
(Fig. 105). This may be done by cutting a 
strip of tinfoil of the necessary width and length, 
and after pasting or gumming the bottle, rolling 
it up and dropping it inside the bottle; now 
unroll the foil, taking great pains to secure a 
smooth surface (a piece of wood, enlarged at 
one end and covered with linen, is useful for 
this purpose) ; and then place a circular piece 
over the bottom. Next, cover the exterior with 
tmfoil, leaving a similar margin at the top. Coat the glass 
margin with shellac varnish. Fit a wooden stopper into the 
mouth, having first passed a stout brass wire through the 
centre. Now solder a brass knob to the end of the wire 
outside the jar, and to the inner end fasten a chain, which 
must be of sufficient length to lie on the bottom of the jar. 

A Leyden jar is said to be charged with the kind of elec- 
tricity accumulated on its inner coating. 

Exp. 90, to charge a Leyden jar positively. Hold the outer coating 
in the hand, and hold the knob to the prime ccmductor of an electrical 

machine in motion. 

Exp. 91, to charge the jar ne::^af{vcly. (a) 
Hold the knob of the jar in the hantl, and hold 
the outer coating to the prime conductor of an 
electrical machine. 

{b) With a plate or qrlinder machine, if the 
prime conductor be earth-connectcH, and the rub- 
ber insulated, a negative charge may be obtained 
in the ordinary way from the rubber. 

The Discharging Tongs or Dis- 
charger consists of two curved brass rods 
Fio. terminated in knobs, and jomed by a hinge 

attached to one or two insulating handles 
(Fig. 106}. It is used to discharge a condenser with safeQr. 
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Szp. flO. Charge a Leyden jar. Place one knob of the discharging 
Umgs on the outer surface, and bring the other knob near the knob of the 

Leyden jar. Notice that a sharp crack is heard and a spark seen, due 
to the neutralisation of the two opposite charges. This method of dis- 
charging is called inUoftfanams dischaj\i^e. 

^p. 93, to illustrate the opposite electrical amditions of the two 
€oatings of a Leyden ja7\ Charge the jar positively, 

(1) Holding the outer coating, draw a figure ^vith the knob on a cake 
of dry vulcanite. 

(2) Place the lar on an insulator, and, taking hold of the knob, draw 

another figure with the outer coating. 

(3) A mixture of red lead and flowers of sulphur is then shaken through 
a muslin bag, from a height above the cake. By the friction between the 
red lead and the sulphur, the red lead becomes positively and the sulphur 
natively electrified. The red lead, therefore, sedcsthe lines traced by the 
exterior coating of the jar, and the sulphur the lines traced by the knob. 

Fig. 107 represents the result of an experiment, in 
which the circle was drawn with the knob, and the cross 
with the outer coating of the 
jar. The selection of the red 
lead for the negative cross and 
of the sulphur for the positive 
circle is. due to both attrac- 
tion and repulsion, i.e. the 
sulphur was attracted by the 
positive circle and repelled by 
the negative cross. As] there 
is less repulsion in the space 
between the arms of the cross 
than at the ends, the particles 
of sulphur arranged themselves Fig* 107* 

as shown. 

Such figures are known as Lichtenb erg's figures. 

Capacity of a Condenser. — It is necessary to men- 
tion- — the proof will afterwards be given — that the capacity 
of a condenser depends upon three conditions — 

(1) The size and form of the metal conductors^ 

(2) The distance across the dielectric, 

(3) The inductive capacity of the dielectric. 

Indaotive Capacity. — Faraday proved that when in- 
duction takes place between an electrified body and a con- 
ductor, the medium between them performs an important 

J'' 
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function. According to Faraday's inductiTe theoiy, the action 
takes place through the dielectric from molecule to molecule, 
each of which acts as a conductor, separated from the others 

surrounding it by a non-conducting medium. Layers of these 
molecules are acted on in turn, one half of each becoming 
positive and the other negative, fig. io8 represents this action 

FddciQ (i d d Ad 





FkG. leS. 

diagrammatically. Suppose that A is a positively charged body, 
and B a conductor acted on by induction. First, the layer of 
molecules of the dielectric next to A is acted on inductively, 
the nearer half of each molecule becoming negatively, and the 
remote half positively, electrified. The next layer is acted on 
similarly by the free positive electricity of the first layer, and 
so on, untU finally the layer of molecules next to B acts upon 
it as shown in the diagram. The action, which Faraday 
called diehetric polarisatim^ is thus transmitted from A to B. 
As will be proved presently, the power of transmiUing induc- 
tion varies with different dielectrics. Across glass, shellac, or 
sulphur, its action is greater than across air, the distance 
remaining constant. 

The power a body has of allowing induction to take place 
across it is called its inductive capacity (see chap. xi.). 

Exp. 94, Take an Epinus s condenser having merely air as the dielectric. 
Bring the plates moderately near together. Connect one (A) by means of 
a wire with a gold-leaf electroscope, and then charge the other (B). 
Observe that the leaves diverge. Touch A with the hand, thus reducing 
its potential to zero. Very carefully introduce a plate of dry glass, shellac, 
ebonite, or paraffin between the two plates $ observe that the leaves now 
diveiige slightly, and prove that the electrification is positive. These 
substances have therefore a higher inductive capaci^ than air. 

According to recent investigations the following bodies are 
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arranged in the order of their inductive capacity : glass, shellac, 
sulphur, ebonite, paraffin, air. 

Limit of tlie Cliarge of Condensers.— There is a limit 
beyond which a condenser cannot be charged During 
dielectric polarisation, the medium is put into a state of strain, 
from which it is continually endeavouring to free itself. When 
the strain exceeds a certain limit, a discharge occurs across 
the dielectric, e.g. if a Leyden jar be highly charged, and the 
glass be too thin, the strain, caused by the attracting charges, 
may be so great that the glass is fiactured. Such a dischaige 
is called disruptive discharge 

Seat of Charge.— S]^. 95. Take a jUu» vessel, B (Fig. 109), 
lumng two movable metallic ooatingy; C and D. Flaoe the parts together 
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SO as to form a Leyden jar. After charging it, remove the inner coating 
by means of a non-conductor. Then lift the glass vessel from the outer 
coating. Bring each port, as it is lemoved, near an nnchaiged gold-leaf 
dectroscope. Observe that a divergence of the leaves is produced by the 
glass only. Build up the jar again, and show, by means oi the discharging 
tongs, that it may still be discharged. 

This proves that the chaiges reside on the inner and 
outer sur&ces of the glass, the coatings acting chiefly as 
conductors. 

Residual Charges. — If a condenser be charged slowly 
to a given potential, and then discharged, i.e. brought to 
zero potential, we find that after a short time it will acquire a 
potential of the same sign as at first, but smaller in amount, so 
that it can be again discharged, and so on. The rise in poten- 
tial after each discharge is owing to the absorption of the 
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electricity by the dielectric, and subsequent conduction to the 
surface after the primary discharge has occurred This pheno- 
menon has been largely investigated Clerk-Maxwell ac- 
counted for the presence of such charges on the hypothesis that 
the dielectric consisted of heterogeneous particles of unequal 
conducting powers. Their presence is, however^ usually ex- 
plained on the suppoution of the electric strain ; the molecules 
of the glassi being acted upon by the stress of the opposite 
charges, are strained, and are therefore unable to recover their 
original form and volume immediately. The dischaiges after 
the first are due to what are called residual charges, 

Exp. 96, to show the presence of residudl charges. Charge a Leyden 
jar slowly, and then discharge it. After allowing it to stand for a short 
time, place one knob of the dischftiger on the outer coating and bring the 
other to the knob of the jar. Observe that a second dlschiuge oocnrs. If 
the jar be quite diy, a thiid, fourthi and even fifth disc&ige may be 
obtained* 

Le74dn Battery. — ^When a powerful discharge is required, 
a number of jars are generally used, having all their inner 
coatings in metallic connection, and also all their outer 
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coatings. Fig. no shows this arrangement. The jars stand 
on a conductor, e^g, a piece of tinfoil, thus placing all their 
outer coatings in conducting communication, while their inner 
coatings are joined by means of a wue passing through holes 
in the knobs. 

The jars are^ however, generally placed in a box lined with 
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tinfoil, which is connected with a hook or handle on the out- 
side of the box. The inner coatings are connected as shown 
in Fig. 1 10. Such an arrangement is called a Leyden battery. 

Henley's Universal Discharger. — This discharger 
(Fig. Ill) consists of two movable brass arms, provided with 
universal joints and supported on glass legs. The object, 
through which the discharge is to be passed, is placed on a 
small table made of hard baked wood, between the two knobs 
terminating the arms. 




Fig. Ill* 



Exp 97. Place a lump of sugar, an egg, or a lemon on the table of a 
universal discharger. Connect one arm to the hook or handle outside the 
box by means of a wire ; this arm is now in metallic connection with the 
outer coating of the battery. Connect the knob of one jar with the prime 
conductor of the machine, and then charge the battery. Darken the room, 
and observe the luminous effects of the discharge on the sugar, egg, or 
lemon, when the discharging tongs connect the other arm and the battery, 

(Fig. illj. 
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Szp. 9B. Place a small quantity of gunpowder on the table of the 

discharger ; fasten one end of a piece of string to that arm un« 
connected with the battery, and the other to one knob of the discharging 
tongs. Having charged the battery, dischar^je it, and observe that the gun- 
powder is ignited. The wet strii^ which is merely a partial conductor, is 
necessary to retard the velocity of the discharge, otherwise the powder 
is scattered \%nthout being fired. 

Exp. 99, to show the disruptive effect of the disc ha n:^/' of the Ley den 
battery. Take a block of siicllac through which a wire has been passed, 
one end cut off flush with the surface and the other terminated in a loop. 
Place a thin sheet of glass on the upper 'Surface of the shellac. Insulate 
another wire, pointed at one end and terminated with a knob at the other, 
and then place it vertically opposite the wire in the shellac cake. 
Attach a cnain or wire to the loop, and Uien ^nnect it with the outer 
coating of a Leyden battery. Charge the battery, and by means of the 
discharging tonics connect the knob of the upright wire with one of the 
knobs of the battery. A discharge occurs, which pierces the glass. 

Xzp. 100. Instead of the glass, place a sheet of cardboard on the 
shellac cake, (i) Let the two wires be opposite each other, and, after the 
discharge, observe that the perforation is frayed on both sides of the sheet, 
as though it were piercetl from the middle outwards. (2) Let one wire be 
a little to the right or left of the other. Notice that the hole is nearer the 
negatively-charged wire. This Is known as iMl&i^t txpermnni* 

Harris's Unit Jar. — This instrument is employed to 
measure the charge given to a conductor. It consists of a 

small Leyden jar, A (Fig. 
112), about 4 inches long 
and \ inch in diameter, fixed 
on an insulating stem, B. 
The rod P is connected with 
an electrical machine, and 
the outer coating with the 

Fig. I w.^ ^**^y ^ charged by means 

of the rod tp* The two 
knobs n m connected respectively with the inner and 

outer coatings, and the distance between them can be regu- 
lated by sliding m along the rod P. It has been experi- 
mentally proved that the distance between m and n, across 
which the jar will just discharge itself, is proportional to 
the difTerence of potential between the inner and outer 
coatings. The jar, therefore, gives a different unit for every 
distance between m and The action is as follows : — 

If P be connected with the prime conductor of a machine 
in motion, its interior coating becomes charged positively. This 
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induces a negative charge on the inner side of the outer coating, 
and an equal quantity of positive on the outside, which passes 
into the jar J. When the diiOference of potential between 
m and n becomes sufficiently great, a spark passes. The 
result is that the unit jar is discharged, and a certain quantity 
of positive electricity — ^which we may call the unit charge — has 
passed into the jar J. Thus by counting the number of 
sparks between m and n we are able to approximately meabuie 
the charge given to the large jar in terms of the unit jar. 

This measure is only approximate, for the following 
reasons — (i) the unit jar ought to be very small .compared 
with the jar to be charged, and a large number of dischaiges 
ought to take place before the requisite chaige is given to the 
large jar; for it is impossible to stop chaiging at the exact 
moment a spark passes, and there will therefore be a small 
excess of positive electricity given to the large jar ; (2) because 
the outer coating of the unit jar is connected with the inner 
coating of the large jar, they are at one potential, and there- 
fore the quantities of electricity received by each will be 
proportional to their capacities. As the capacity of the outer 
coating of the unit jar is very small, the quantity taken by it 
will be veiy small, so that the quantity passing into the laige jar 
will be the total quantity diminished by this very small quantity. 

Velocity oif Dlscliarge. — ^To determine the velocity of 
the electric discharge, Wheatstone used a rapidly rotating 
mirror and a spark board, upon which 
he arranged six metal knobs in a hori- 
zontal line (Fig. 113), 6 being con- 
nected with the inner, and i with the 
outer coating of a charged Leyden jar. a 4 5 

The knobs i, 2; 3, 4; 5> ^ vere rf) ^ [ Tl 
about ^ of an inch apart, while the ^jjj] 1^ 
coils connecting them were of consi- 
derable length (about a quarter of a '"^3lll£>'* 
mile). The mirror was placed ten feet , pjg^ 
from the spark board, and when it re- 
mained at rest or was rotated slowly the sparks between the 
knobs, due to the discharge of the Leyden jar, were seen as 
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dots. When, however, the mirror was rotated rapidly, these 
dots appeared as lines, and, moreover, the central line showed 

a lateral displacement, proving that the central spark was pro- 
duced after the others. In fact, with the rate of rotation 
employed, the central spark was produced jo^Q of a second 
after those at the ends. From this, Wheatstone computed 
that the velocity was 288,000 miles per second. This result 
is unreliable, as it gives the time occupied by the passage of a 
certain quantity of electriciQr through a conductor of con- 
siderable capacity and resistance, rather than the actual velocity 
of dischasge. Other experimenters have obtauied results vary-, 
ing greatly in magnitude ; one, indeed, as low as 18,400 miles 
per second. The following experiment proves the exceedingly 
short duration of the spark : — 

Kxp. 101. Make a <1isc of white cardboard, and pnint a number of black 
sectors upon it. Rotate this rapidly in a good light (a humming-top is 
useful for this purpose) ; it appears like a disc with a grey surface. Now 
darken the room, and iUiuniniite it with a spark from a Leyden jar. When 
the discbarge occurs, notice tiiat the disc appears to be standing slilL 

The Condensing Electroscope, invented by Volta, 

is an ordinary gold-leaf electroscope, provided with another 
disc (of the same diameter as that of the electroscope), to which 
is fixed a glass handle. The faces of the two discs are coated 
with shellac varnish, which forms the dielectric between the 
plates. The condensing electroscope is only useful when 
electricity from a weak but continuous source is to be tested. 

£xp. ICS. Take a compound bar made of dne and eopper soldered 
together. Hold the zinc end in the hukd, and touch the disc of the electro- 

scope with the copper. Connect the upper disc with the earth by touchinc; 
it with the other hand. Remove the hand and the rod, and then Ufi the 
Dpper plate. This diminishes the cap£icity of the lower plate to such an 
extent that its potential rises, causing a divergence of the leaves* The 
cfaaig^ will be found to be negative. 

This experiment was devised by Volta to prove that 

electricity was developed by the mere contact of two dissimilar 
metals ; and although the truth of his discovery was denied for 
a long time, the fact has now been put beyond doubt by the 
following simple experiment of Sir William Thomson. 

He suspended a thin strip of metal so that it would turn 
freely about a point A (Fig. 114), and then charged it with a 
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known kind of electricity. Under it are placed two semi- 
circular discs or rings of dissimilar metals* No movement of 
the charged strip takes place 
while the two dissimilar metals 
are placed apart When, how- 
ever, they are placed in contact 
it immediately turns, being 
attracted by the oppositely 
electrified metal and repelled 
by the similarly electrified one. 

The following is a list of 
substances^ which if aby two 
are placed in contact, the first 
becomes positively, and the 
second negatively electrified : — 

4- Sodium 

Magnesium 

Zinc 

Lead 

Tin 

Iron 

Copper 

Silver 

Gold 

Platinum 
— Graphite (Carbon) 




Exercise XIII. 

1. Two Leyden jars, charged in the ordinary way, are held, one in each 
hand, by the outer coatings. What takes place when the knob of the 
one is made to touch the outer coating of the other, and what is the 
subsequent condition of each jar? 

2. Two insulated brass plate'^, a good way apart, are connected by 
separate wires with a e^old-leaf eJectroscope, and the electroscope and 
brass plates are electrified so that there is a small divergence of the gold 
leaves. How and why is the divergence of the leaves altered when the 
plates are brought near together and facing each other ? 

3. Give the reason of the slow dissipation of the charge of a condense 
by a'/cffiaie discharge. 

4. I; escribe and explain the action of Harris's unit jar. 
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CHAPTER X. 

ELECTRICAL MACHINES. 

An electrical machine is an instrument for the continuous 
supply of electricity of high potential. 

Such machines may be divided into two classes, depend- 
ing upon (i) friction, (2) induction. 

Machine depending on Friction. — This class of 
machine consists of two parts, {a) a non-conductor, electrified 
by friction of a rubber, for producing electricity ; {b) the 
prime conductor,- for collecting electricity. 

The Cylinder Machine is probably the simplest form of 
machine. It consists of (i) a glas> cylinder^ A (Fig. 115), 




m 

Fig. 1x5. 

supported on two wooden stems, B B, and capable of rotation, 
by means of the handle D, on a horizontal axis ; (2) the 
cylinder is pressed upon by a rubber^ E, made of leather stuffed 
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with horsehair^ to which is attached a flap of silk, F* The 
robber should be covered with powdered amalgam,^ and is 
supported on a wooden or glass stem, C (the latter is preferable, 
as a negative charge can thai be collected from the rubber). 

(3) The prime conducto?'^ G, which consists of a conducting 
cylinder, always insulated on a glass leg. The end nearest 
the glass cylinder carries a rod terminated by a cross piece, 
provided with a number of sharp brass points, which is called 
the comb. 

Action of the Machine. — When the cylinder is turned, 
the friction of the rubber generates positive electridtjr on the 
glass and negative on the rubber. The positive charge on the 

glass is carried round until it comes opposite the metal comb. 
Induction is now set up, and negative electricity is discharged 
from the points, electrifying the air between them and the 
cylinder, which, being repelled upon the glass, neutralises its 
positive charge, leaving the free positive on the conductor. 
This process is repeated every time the cylinder is turned, until 
the xK>tential difierence between the prime conductor and the 
rubber is equal to that obtainable by rubbing glass with amal- 
gamed leather. Practically, however, this potential difference 
is never reached owing to imperfect insulation and the presence 
of dust and moisture. 

If a negative charge is required, the rubber must be 
insulated and provided with a metal knob at the back, the 
prime conductor being placed in earth-communication. If 
both the rubber and the prime conductor are perfectly insu- 
lated, a point will soon be reached when sparks can no longer 
be obtained. The reason is this. On working the machine, 
the prime conductor and the rubber become diai^d with 
equal amounts of positive and negative electricity respectively, 
the maximum amount of each depending upon the capacity 
of the smaller. K the prime conductor be discharged, uc. 

* Electric amalgam is made by placing one part by weight of tin and 
two of zinc in a cixicible ; just fusing, and then adding six or eight parts 
of mercury. Stir while cooling, and then reduce the mass to powder. 
It may be mixed with lard and applied to the rubber ; or the rubber may 
be dcst smeared with lard, and the amalgam sprinkled over it* 
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brought to zero potentialy no further result can be obtained, 

because the ordinary 
potential difference be- 
tween the two is now 

reached, due, in this 
case, to the negative p€>- 
tential of the rubber and 
the zero potential of the 
conductor. 

The Plate Ma- 
chine has a circular 
plate of glass or ebo- 
nite,^ A (Fig. XI 6), 
instead of a cylinder. 
The plate revolves be- 
W tween two pairs ol rub- 
berSy F F', fixed at the 
opposite extremities of 
the vertical diameter, to 
each of which is attached 
a silk flap. The frime em- 
duetor consists of a curved 
rod, to the front of which a 
knob, C, is attached. The 
other end is terminated in a 
horse-shoe shaped rod, fur- 
nished with rows of spikes, 
between which the plate re- 
volves. The action of this 
machine is similar to that of 
the cylinder machine. 
Winter^B Maoliixie 

• Ebonite has the advantage 
of being easily electrified, less 
liable to break, and less hygro- 
scopic. It has the disadvantage, 
however, that its surface slowly 
oxidises and becomes conducting. 
To remedy this defect, see note 
Fic* 117* on p. 89^ 
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(Fig. 117) differs from the machine just described in having (i) 
only one pair of rubbers furnished with a silk flap : (2) a sphe- 
rical conductor C, to which are attached two wooden rings, one 
on each side of the plate. The part of the rings, turned towards 
the plate, contains a groove lined with tinfoil from which a 
number of spikes protrude ; (3) a large brass hoop, enclosed in 
well-baked polished wood (2 or 2^ feet in diameter), is fitted 
into an aperture in the prime conductor. This ring increases 
the surface, and, therefore, the capacity of the prime conductor. 

Machines depending on Induction. — In this class of 
machines we require an initial charge of electricity which acts 
inductively on conductors placed near it. 

The Voss Machine. — This machine consists of two 
parallel plates, one fixed, and the other capable of rotation on 
a spindle passing through its centre. In Fig. 118 the plate A 




Fig. Z18. 



is fixed, while B is capable of rotation in front of it. On the 
back of the fixed plate there are attached two pieces of tinfoil 
covered with paper (P, N, Fig. 119, which represents the 
hack of the machine). These are called armatures. Metal 
rods, M M', bent three times at right angles, pass from the 
armatures over the edges of both plates, each carrying a metal 
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brushy which passes lightly over six or eight metal studs, S, fixed 
on front surface of the rotating plate. Facing the front of 

the rotating plate are two 
horizontal brass coinbs» 
D| connected by metal 
rods with two knobs, £ 
(between which the dis- 
charge occurs), as well as 
with the inner coating of 
two Leyden jars, L L, 
The outer coatings of 
these jars are connected 
together. There are two 
other combs connected 
by a conductor, C, in 
each of which the middle 
tooth is replaced by a 
metal brush which passes over the studs. 

In this machine it is unnecessary to give an initial charge 
to the armatures, as is the case with the Holtz Induction 
Machine, as practically there always exists some slight differ- 
rence of potential sufficient to start the action, and the con- 
struction of the machine is such that the initial charge in- 
creases very rapidly. 

The explanation of the action of the machine is somewhat 
difficult, but perhaps it can be most easily understood by the 
foUowmg method : — 

Suppose we have two insulated conductors (Fig. 
120), one, P, charged positively, the other, N, charged 
negatively. If we bring another insulated conductor 
near P, it will be acted on inductively, and if we make 
an earth-contact at the moment it is opposite P, it 
becomes charged negatively. If this negative charge 
be removed or used in any way, and then the con- 
ductor be brought near N, earth-contact bemg made 
Fic Z90. before, it becomes positively charged, and so on. 

Let the charged conductors — which we will call arma- 
tures — be fixed on the Imk o£ a stationary glass plate, and 
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let another glass plate, bearing a conductor — say a metal 
stud— C (Fig. i2i) rotate in front of it. It is dear that if 
we can (i) maintain (or 
better still, increase) the 
charges on the armatures 
P and N, and also (2) 
arran^ an earth-cmtad at 
the moment C is in front 
of P and N, then the 
stud leaves P negatively 
charged, and N positively 
charged, so that, if it ro- 
tates in the direction of 
the arrow, we shall get a 
constant supply of nega> 
tive electricity at A, and 
positive at B, and, if we arrange two collecting combs at these 
points, we have at once a practical machine. 

The latter of the two essential points, mentioned above — 
the earth-contact^ oa^VL easily be arranged, as shown in Fig. 121, 




F»G. 
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Fig. tM. 



by using a neutralising rod, D, connected with metal brushes 
capable of touching the stud on the revolving plate, when it 
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is just in front of P and N. It is evident that, when in action, 
it is immaterial whether this rod be insulated or not, for in the 
machine described on p. 139, the studs being, at opposite ends 
of a diameter, whatever quantity of positive electricity is carried 

off by the brush opposite P, an equal quantity of negative elec- 
tricity will be carried off, in the same time, by the brush 
opposite N, one charge neutralising the other. 

Let us now consider the other essential point — how to 
maintain the charge on the armatures P and N. This is best 
done by connecting a conductor to the armature P, which 
terminates in a brush &cing the rotating plate just before it 
reaches A, and another similarly with N and B. In Fig. 122 
the course of the conductor is shown by dotted lines where 
it passes behind the plate, and by thicker lines, M, where it bends 
round the edges. Thus, when the charged stud, C, reaches 
the brush on M, its charge is shared with the armature, only 
a small free charge being retained. By this means the charge 
on the armatures is increased, however small it may be at 
first Besides this passage of electricity to the armature from 
the stud itself^ each portion of the glass^ as it comes fresh 
from the induction of one armature, is put in practically 
metallic conduction with the opposite armature, and as the 
leakage from the armatures, when once they are fully charged^ is 
small, so little electricity is removed from the plate by the 
brushes, that nearly the whole charge passes on to its dis- 
charging terminal, where it is collected in the usual way. 

In the best mechanical form of the machine, the long 
conductor, M, from the armature, is avoided by making the 
armature itself extend further, and then fixing to this the 
short rod bent three times at right angles, shown in Fig, 118. 

The Leyden jars, L L, are used to increase the capacity 
of the terminals. The machine will work either with or with- 
out them ; (a) without jars^ the discharge is a steady flow of a 
diffuse brush type ; {b) with jars^ a greater charge is required 
to raise the potential difference between the terminals to the 
''sparking point," and SO the discharge passes at longer 
intervals, but in a more concentrated form, giving a loud, 
bright spark. The outer coatings of the jars should be 
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in metallic connection. Removing this connection produces 
much the same result as removing the jars themselves. 

Holtz Machine. — ^The best method of understanding the 
Holtz machine is on the supposition that we have a Voss 
machine, with the collecting 
combs and armature brushes 
removed, and the neutraliser 
divided to form a discliarger 
(Fig. 123). 

Let us first assume that 
one armature, P, on the back 
of the fixed plate is charged 
positively, and the other, N, 
negatively. Now consider 
the case of a point on the 
surface of the revolving plate 
as it approaches the armature 
P. By induction it acquires 
two equal and opposite 
chaiges, of which the negative charge will tend to accumulate 
on the inner sur&ce of the plate, while the positive charge 
is free, and accumulates by repulsion on tiie terminal a, 
giving it a free positive charge. Similarly, a point approach- 
ing N, gives a free negative charge to the terminal ^, while a 
positive charge is " bound " on the inner side of the revolving 
plate. 

(a) Disregarding for a time these "bound** charges, the 
main result is that one terminal is charged positively, and the 
other, negatively. If there is a sufficient difference of potential 
between a and sparks will leap across the gap, but as these 
charges are alwajrs feeble when the action first begins, and as 
it can be easily shown that the operation of a machine can 
only proceed during continuous discharges across a and it is 
always necessary to have the terminals in contact at first, after 
which they may be separated as far as the power of the machine 
will allow. If, however, they are separated too far, the action 
will gradually cease, even though the machine be rapidly 
rotated, because, once the terminals a b become statically 
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chaiged to their full capacity^ no further separation of electri- 
cities can occur. 

(3) We have so far merely considered the results when the 

armature charges are constant It now becomes necessary to 

show how these armature charges are not only maintained, but 
are increased. 

We have already seen that a bound " negative charge exists 
on the inner surface of the revolving plate opposite P, and 
that a bound positive charge exists opposite N* Now, as the 
plate revolves, these bound charges become to a certain extent 
free, and the question at once arises— cannot we utilise these 
charges for the purpose of nuuntaining (and even increasing) a 



the point the problem of maintaining charges will be solved. 
This might be done in various ways, one of the simplest being 
to cat a hole in the fixed plate just behind the points c and d, 
and to let a small portion of the armature protrude through so 

as to touch the revolving disc. By this means, it is evident 
that the respective armatures are always in contact with a free 
charge of the sign required. 

Putting this in practical form, we arrive at the well-known 
Holtz machine (Fig. 125), in which, of the two parallel plates, 
A is fixed, and B is capable of rotating rapidly in front of it 
The windows are cut in the fixed plate at F F, at the ends of 




Fig. XS4. 



difference of potential be- 
tween the armatures? From 
Fig. 124 we see that a point 
on the inner side of the 
revolving plate has a free 
negative charge about 
before it comes under the 
influence of the comb, and 
in the same way a firee 
positive charge exists about 
c. If, therefore, we can 
arrange some connection 
between the armature P 
and the point and be- 
tween the armature N and 
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a diameter. The armatures consist of two varnished sheets 
of paper, and are fastened on the back of the fixed plate {p 
!)elow the window on the left, and /' above the window on the 
right From these armatures, two tongues of paper, n and 
project through the windows and nearly touch the front plate. 
The plate rotates in a direction opposite to that in which the 




Kic. 125. 

tongues point At the front of the plate B, and opposite the 
armatures / /, are two brass combs, O O'. These combs are 
insulated and connected by two knobs, r r', whose distance apart 
is regulated by means of the insulating handles K K'. The 
Leyden jars, H H', connected with the discharging rods, 
accumulate the charge in a manner similar to that explained 
in the Voss machine. 

» In practice it is only necessary to charge one armature. 

L 
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Wimshurst^B Machine consists of two varnished glass 
or ebonite plates, capable of rotation in opposite directions, 
upon which strips of tinfoil aie gummed In Fig 126, the 



unshaded strips — the carriers — are on the front of the near 
plate, and the shaded ones— the armatures — on the hack of 
the remote one. Two neutralising rods lie obliquely across the 
plates at right angles to each other, one on the front and the 
other at the back. These conductors are terminated in brushes, 
which, as the plates revolve^ come in contact with the strips. 
The discharging part of the machine is in connection with two 
insulated horizontal combs. The distance between the knobs 
can be regulated by means of insulating handles shown on 
the right and left of the diagram. 

The difference in the action of this machine from the otlitr 
influence machines described, is due to the fact that both plates 
rotate. The stationary inductive armatures of the former 
machines disappear^ the sectors themselves performmg thb 
office during part of their course. In each revolution, each 
sector twice receives a charge, and twice induces one ; the 
former when it touches a brush, and the latter when it passes 
the position of the brush on the opposite plate. 




Fig* ia6. 
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Experiments with the Electrical Machine.'— Exp. 103. 

If the rubber of one of the older forms of machine be insulated, connect 
it with the earth. Present the knuckle to the prime conductor, and notice 
that the spark is sharp and stinging. 

The reason that a spark is produced is as follows : — 
The positive charge on the prime conductor acts induc- 
tively on the hand, attracting a negative charge and repelling 
a positive one to the earth. This difference of potential 
causes the air to be strained. \Vlien the strain is sufficiently 




great, a discharge passes, which produces a violent disturbance, 
and consequent heating of the molecules of the air in its path. 

' With the older forms of electrical machines, the following precautions 
must be observed. 

(1) Owing to the hygroscopic nature of the glass, the moisture which 
accumulates on the surface must be got rid of by thoroughly drying both 
ihe plate and the rubber before a fire. The rubber may be removed and 
then dried. The insulating supports should be coated with shellac varnish. 

(2) They must be free from dust. 

(3) The rubbers should be occasionally coated with amalgam, 

(4) All unnecessary points must be caiefuUy avoided. 
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The spark is due to the heat being so intense that the particles of 
dusty etc., in the path of the dischaxge are rendered incandescent. 

Sip. 104. Hold a metal rod, terminated in a knob, at various dis* 
tances from the prime conductor (Fig. 127), and observe that {a) at a 
short distance, the spark is straight and brilliant ; {b) at a distance of two 
inches or so, it becomes irregular like the branch of a tree ; (<r) at a greater 
distance, only a Ittminous glow or bmsh is obtained. 

These discharges are excellently seen with one of the in- 
duction machines. 

The irregularity of the course of the spark is due, no doubt, 
to the fact that the discharge takes the path of the least resist- 
ance, which, owing to the presence of conducting particles, is 
not a straight line. The sound which accompanies the dis- 



Ezp. 106. Instead of a wire having a rounded end, attach one with a 
sharp point. Notice the quiet and continuous pale glow. This is known 
as the gl<nu discharge. It may be sometimes observed at the lop of the 
masts of a ship, and is called by sailors St. Elnu^s fire, 

Bsp. 107. Make a UtmUiMs tube (Fig. 139) by taking a long glass tube 
(fifteen or twenty inches long), and gumming round it a number of locenge- 



shnped pieces of tinfoil, arrnnged in spiral form, and having the points of 
each piece a short distance apart. The ends of the tube are terminated 
in brass caps, to which knobs may be attached. Hold one end in the 




chaxge is probably due to 
the disturbance of the air 
already mentioned. 



FiC. zaS. ' 



Exp. 106. Attach a short wire 
— ^the £ree end of which has been 
rounded by a file^to the prime 

conductor of a machine. On 
working the machine, notice the 
hissing sound, and the ramified 
brush-like appearance of die dis- 
charge, which is readily visible in 
the dark. Such a discharge is 
called the brush discharge (Fig. 
128). 
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band, and present the other to the prime conductor of a machine in 
motion* A brilliant appearance is given in a darkened room, as the sparks 
pass between the points of the tinfoil. 

Exp. 108. Insert a Henley's quadrant electrometer into the aperture 
in the prime conductor (Fig. 72). Work the machine* and notice the rise 
of the pith-ball, and its position on the graduated soile. Cease turning : 
the pith-ball gradually falls. This 
proves that the potential of the 
conductor gradually decreases, 
owing to various causes, e,g. the 
presence of moisture and dust. 

Erp. 109. Make a tassel of fine 
shreds of tissue-paper, and attach 
it to the prime conductor by means 
of a bent wire* On working the 
machine the strips repel <me 
another. 

Heads of hair are sold to 
show the repulsion between 
similarly charged bodies. 

I hey are placed on the prime 
conductor by means of a 
brass rod fixed to the head. 

Exp. 110, with the eUcirical Fig. 130. 

chimes. They consist of three 

brass bells (Fig. 130) suspended from a brass cross piece, the two outer 
ones bein^ suspended by a 
metal chain« and the centre 
one by a silk thread. The 
latter bell is placed in " earth 
contact." Two small brass 
balls hang bv silk threads 
between the bells. Fix the 
apparatus to the prime con- 
ductor of a machine. On 
working the machine, the 
t«ro outer bells receive a 
positive charge, and there* 
fore attract the small balls. 
By contact they receive a 
similar charge and are re- 
pelled (being also attracted 
oy the negative induced 
charge on the central bell). 
"When they reach the central 
bell they lose their charge, 
and are, therefore, again at- 
tracted by the outer bells. Fig. 131. 

fiq^. 111. Place a num- 
ber of i^th-balb cm an iminsalated metal plate (Fig. 131). An insulated 
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plate, connected with the prime conductor, is brought aboye it. On 
turning the machine the pith-balls are (l) attracted, (2) electrified by con- 
tact, and (3) repelled. When they fall on the lower plate they lose their 
char<;e, and are therefore in a condition to be again attracted. 

^p. 112, to show the conduction of the human body. JLct a person 
Stand on an insulating stool, and place his hand on the prime conductor 
of a machine. When the machine is set in motion, the following effects 
will be produced : — 

(1) If the hair be diy, it will stand erect. 

(2) Sparks may be dniwn from any part of the body. 





Fig. 132. 



Fig. 133* 



(3) A gas jet may be lit, if either the knuckle or a brass rod, held in 

the hand, be placed near the jet. 

(4) Any light body may be attracted by 
the hand. 

Btpk 118. Repeat E^p. 109. Hold a 
needle, the pmnt of which is covered with 
the finger, under the strips (Fig. 132). 
They stretch towards the hand. Uncover 
the needle-point : observe the collapse of 
the strips ( Fig. 1 33). The reason is that the 
point greatly facilitates the escape of the 
charge to earth. 

^p. 114. Fit an electric whirl (Fig. 
134) to thtf prime conductor of a machine. 
This apparatus consists of pointed wires 
bent at right angles, and arranged so that 
all the points lie in the same direction. 
The wires fit into a brass cap, which 
is supported on a pointed brass pivot. 
^ On turning the machine, notice that the 

^ whirl rotates in a direction oppo^te to 

that in which the points arc turned. 
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The positive electricity is discharged from the points, 
electrifying the particles of air around them with a similar 

charge; repulsion takes place between them and the whirl, 
which is, therefore, set in motion. The currents of air can 
readily be felt by the hand. 

Xsq^ 116. Fix a pointed wire to the prime conductor, as shown in 




Fig. 135. 



Fro. 136. 



Fig. 135. Hold a lighted candle near the point. On turning the machine, 
notice tiiat the flame is blown away from the point, owing 
to the outward rush of the electrified air. A similar 
effect is produced if the candle be placed on the prime 
ootiductor (Fig. 136), and a pointed wire be held in the 
hand. 

Sz]i. lie, f» tkewiki heating effect of the diseharge. 

Place a little ether in a watch-glass. Fasten a metal 
kncb to a chain. Place the knob on the bottom of the 
watch-glass, and hold the chain in contact with the outer 
coating of a charged Leyden jar. Bring the knob of the 
Leyden jar near that in the ether. A qpark passes, and 
the ether is fired. 

Exp. 117, io shcnv the chemical effect of the discharge. 
Soak a piece of blotting-paper with a solution of starch 
and potassium iodide. Place 'it on a glass plate, and, 
holding one comer, connect the other with the prime 
conductor of a machine. On turning the machine the 
iodine is liberated, producing a dark blue coloration on 
the paper near Uie prime conductor. If potassium 
iodide solution be used alone, the coloration is brown. 

Exp. 118, to show the fomration of water by the 
chemual combination of its elcvieytts — oxygen and hydro- 
gen. Take a long, graduated, strong glass tube, called 
a eudiometer (Fig. 137), open at one end and closed at 
the other. Two platinum wires, a and ^, are fused 
through the glass near the closed end. Fill the eudio- 
meter with mercury, and invert it over a vessel also 
containing mercury. Pass two parts (by volume) of hydrogen and one 




Fig. 137. 
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of oxygen into the tube, which should not be more than half full of the 

mixed gases, as great heat, producing a great increase in volume, is 
evolved by their combination. The tube should then be pressed on an 
india'rabber pad, placed at the bottom of the vessel. Connect a with the 

prime conductor of a machine, and b with the earth. On working the 
machine, a flash is seen, and a Him of moisture is visHile on the interior of 
ihe tube. When the eudiometer is raised from the jxid, the mercury rises 
rapidly in the tube, the volume uf water produced being only part of 
that of the gases. 

Exp. 119, to show the magnetic effect of the discharge. Place a steel 
knitting-needle across a strip of tinfoil lying on a sheet of glass. Connect 




E 

Fia 138. 

one end, by means of a wire, with the prime conductor of a machine, and 
the other with the earth (Fig. 1^8). On working the machine for a short 
time, the needle is found to be a magnet 
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CHAPTER XL 



CAPACjry. 

Capacity of Spherical Air Ccndenser. — ^We have 
shown that if a quantity of electricity, be imparted to an 
insulated conductor, and the potential thereby raised from 
o to the capacity is given by the formula 

c -5 

^ - V 

Similarly, if the potential is raised from .V to Vj, then 

Now, suppose we have an insulated sphere, A (Fig. 139), 
of radius r, charged with Q units of 
positive electricity, surrounded by a 
spherical shell B, of radius then 
the positive charge on A will induce 
an equal negative charge, />. — Q 
units, on the inner surface of B, and 
a charge of + Q units on its outer 
surface. If B is in earth-connection, 
the latter charge will flow to earth, 
and B will therefore be at zero po- 
tential. 

The potential throughout A is the 
same as the potential at the centre 
O, which is, therefore, the algebraic sum due to the positive 
chaige on A at distance r, and the negative chaige on B at 
distance i,€» 




Fig. 139. 



Digitized by Google 



1 54 Frtcttorud Electricity 

but potential at B is zero, whence if C be the capacity of the 
condenser, we have — 

? — r 

The spherical air condenser just described is similar in 
form to an oidinaiy Leyden jar — k. representing the inner 
coating of tinfoil, B the outer coating, the space between tiiem 

being occupied by the dielectric air instead of glass, so that 
the above formula proves the first two statements given on 
p. 127 respecting the capacity of a condenser, for 

(i) the size of the metal globes is proportional to their 
radii, and 

(3) the distance across the dielectric depends, upon the 
value of f'— r, for when the difference between them is very 

small, the fraction ^ ^ ^ becomes very large, and viu versa. 

Speciflo Induotlva Capaei^. — ^We have proved in 

Exp. 94 that the capacity of a condenser also depends upon 

the power the dielectric has of transmitting induction across 
it. Thus, if the dimensions of two condensers are equal, the 
conductors of one being separated by air, and those of the 
other by some other dielectric — say, sulphur — equal charges 
of electricity given to the condensers do not produce equal 
differences of potential, u€* the capacities of the condensers 
vary. 

If we compare the capacity of a condenser, when air is the 
dielectric, widi that of an equal condenser, when a certain 

substance A is the dielectric, we obtain what Faraday called 
specific inductive capacity of A, 

the specific inductive capacity of A 
_^ capacity of condenser when A is the dielectric 
capacity of the same condenser when air is the dielectric 
The specific inductive capacity of dry air at 0° C and 
ordinary atmospheric pressure (760 mm. of mercury) is taken 
as unity. 
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Faraday'a Experimente.— To determine tlie specific 
inducdire capacity of a dielectric, Faraday used the apparatus 
represented completely in Fig. 140, and in section in Fig. 141. 
The outer coating consisted of a hollow brass sphere, made up 
of two halves, P and Q, which in every experiment was put 
in earth-contact. In the interior was a hollow biass sphexe 
C, connected with a brass wire to the knob B, a thick layer of 





Fig* X40. 
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shellac, A, being used to insulate the rod from the outer sphere 
P Q. The space m n contained the substance whose inductive 

capacity was to be determined. If the dielectric to be 
examined was solid, P and Q could be pulled apart to admit 
it If, however, the substance was a gas, the space was first 
exhausted by screwing the foot to an air-pump, and the gas 
afterwards introduced A stop-cock enabled the passage 
between m n and the base to be opened or closed at will 

Faraday employed in his experiments two exactly similar 
condensers, the space mnm am being filled with the dielectric 
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— say shellac — ^to be examined, while that in the other was 

filled with air. The air condenser was then charged, and the 
potential (V) of its inner coating measured by means of a 
torsion balance.* 

In a particular experiment Faraday obtained a torsion of 
290^. This condenser was then made to share its charge with 
the other condenser, which was &lied with shellac. The 
potential (V) was again measured, a torsion being obtained 
of 113-5^ 

Now, if the capacity of the shellac condenser had been 

equal to that of the dr condenser, the torsion should have 
been 145°. As, however, the potential is less, the capacity 
must be greater. In fact, if C be the capacity of the air 
condenser, and C that of the shellac condenser, then 




and, as both condensers are used together, 

whence, from these equations, VC = V'(C -f C) 



The mean of a number of experiments gave C = i'5C 

For convenience, however, Faraday filled the lower hemi- 
sphere only with shellac, so that if K be the specific inductive 
capacity of shellac, and that of air be unity, we have 




In the experiment mentioned above 



C = rssC 



c 



i + K _ 1 4- K 
I + I 2 



butg 
i + K 



1*5 



2 

ivhencc K 



2 



This method of measuring potentials is now obsolete. 
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Modem Researches. — During the last twenty years 

many independent experiments have been performed to deter- 
mine the specific inductive capacity of different substances, 
and many devices have been used to correct former in- 
accuracies. The chief difiicuity which the experimentalists 
have to contend with, arises from the £act that the capacity 
of the condenser (containing solid or liquid dielectric) is 
affected by dedri^ absorptim* If, for example, we chaige a 
condenser, having ebonite as the dielectric, to a certain 
potential, we find that in a short time the potential has di- 
minished. This is partly due to leakage, and partly to an 
absorption of the electricity by the dielectric. To restore the 
condenser to its original potential, a further charge must be 
added. Again, the potential falls from further absorption. 
Thus, the capacity of a condenser depends upon the Hme that 
the charge has been accumulating, and the results vary accord- 
ing as the charge is added slowly or instantaneously. The 
condensers and methods employed in these researches are too 
complicated to admit of any satisfactory explanation in this 
work. 

Gordon corrected the errors due to absorption by employing 
rapidly alternating positive and negative charges, the reversal 
being so rapid indeed as to change the electrification 12,000 
times per second 

The following table contains the specific inductive capacities 
of the more important substances, and as the values given by 
different experimenters vary considerably, the name of the 
observer is also given : — 





Specific inductive capacity. 


Observer. 


Air 

Flint glass 
Ebonite . . • . 


!• 

3*013 to 3-258 
6*57 to lo'i 
2*284 

a'56 

274 

19936 
1*96 


Gordon 
Hopkinson 
Gordon 
WiUlner 

Gordon 
Gordon 
Wullner 
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Sulphnr ' 

•• •• *• 
Guttapercha 

Resin . . . • 
Indiaxubber 
Vacuum . • 

Hydrogen 

Carbon dioxide 



Specific inductive capacity. 



2-58 

2 88 to 3*21 
2*46 

2*55 

2*22 to 2*497 

•94 
•9997 

1-0008 



Observer. 



Gordon 

WiUIner 

Gordon 

Boltzman 

Gordon 

Ayrton 

Boltzman 

Ajrton 



Capacity of Plate Condenser.— We have lercrnt (p. 

107) that the difference of potential between two 
points, A and B, is equal to the mean force x 
distance between A and B ; /'.<?. in Fig. 142 
— V, = F/, where Vb is the potential of 
B the plates A and B respectively ; F s force \ 
t ss distance between A and B (which is so small, 
compared with the size of the plates, that the 
field of force between A and B is uniform) ; 



Fic. 143. 



Again, if p is the surface-density at any point on 
an electrified surface, the elearical force just out* 
side it is given by the formula F := 4irp (p* 1x7) ; 

whence 4irp «= — 7— 



4ir/ 



Now, if A be the surface-area of ench plate, then p - % 



whence 



Q Va - Ve 



4ir/ 



butV^-V,= ^(p. 113) 



so that, by substituting and simplifying, we have C = 
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If the plates be separated by a dielectric whose specific 
inductive capacity is the fonnula becomes 

47r/ 

Collected Formulae for Capacities.— 
Isolated sphere C ~ r 

Spheriad condenser C = K • 7-^^ 

Isolated t/un circular plate ^ ~ 

\ 

Plate condenser C - K • — \ 

Bnergy of Charging and Disoharging. — I. Any con- 
ductor, — We have defined the potential at a point as the 

amount of work expended on a unit charge of positive 
electricity when it is brought up from an infinite distance to 
that point; i.e. the potential at a point is the work expended 
oa a unit charge when it is brought up from a point at zero 
potential to that point. If the potential at the point be V, 
then the work done is V ergs. If Q units be brought up from 
zero potential to the pouit at potential the energy spent in 
bringing up the charge would be QV eigs. But this assumes 
that the quantity of electricity at potential V is so large that 
the added quantity Q does not materially raise its potential. 

If, however, a conductor be at zero potential, and then 
raised to potential V by a quantity of electricity Q, the average 
potential of the conductor during the process is ^V, hence the 
iotcUwork of charging, or the energy expended in bringing up 
the charge Q from sero potential to potential V is ergs. 

We learn from the principle of the conservation of energy 
that the work expended in charging a conductor with a certain 
quantity of electricity is equal to the work which can be done 
by the same quantity of electricity when the conductor is dis- 
charged, thus the energy of discharge (E) = -J-QV. 

Again, since Q = VC, we may, by substituting the value of 
Q, express the energy of discharge as iCV^, or by substituting 

the value of V as — • ^- 
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IL A Condenser^ — In a condenser we have a dielectric 
separating the conductors A and B at different potentials-- 

say, and Vp respectively. When a condenser is discharged 

equal quantities of positive and negative electricity disappear, 
leaving the condenser at a potential V, 

The energy due to the positive charge on A = ^Q(Va — V) 
and that due to the negative charge on B = iQ(V— V^) 
whence the energy of both chaiges=*Q(VA-V)+iQ(V— V^) 

= W(V^ - Vb) 
If the coating of B is at zero potential, as is usually the 
case in condensers, the energy of the charge, which is equal to 
the energy of dischaige = iQV^^ ; or, generally, if V be the 
potential of the inner coating of a Leyden jar, then the 
eueigy of dischaige is the same as that of a conductor given 
above, i.e. 

I 

E = iQV = iCV>=r j.^- 

Ill, Leyden Battery . — ^If we have n equal Leyden jars 
charged separately to the same potential V, and then connected 
by their inner and outer coatings respectively, the potential V 
win be unaltered. If the charge on each jar be ^, the total 
charge Q = nq^ and the energy of the series E = ^nq = ^VQ. 
/>. the energy of discharge of a battery of n equal jars is equal 
to tliat of a single jar of equal thickness, but of n times the 
surface. 

Exp. 120, to roughly ascertain tf two Leyden jars are of equal capacity. 
Work an electrical machine until its condition is constant. Charj^e one of 
the jars with a unit jar interposed. Count the number of sparks which pass 
between the Icnobs m and n (Fig. 1 12) of the nnit jar, until the Lejrden jar 
wfll not take any further charge If the other jar requires tine some 
number of dischaiges, their capacities are approximately equaL 

The Caieade Arrangement— AH the Leyden jais, 

except one, in this arrangement, have their outer coatings 
insulated. The exterior of one jar is in metallic connection 
with the interior of the next (Fig. 143). The outer coating of 
the last is in earth connection, and the interior coating of the 
first jar is connected with the prime conductor of a machine. 
When the jars are fully chafed, suppose that the potential 
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of the inside of the first jar is V. The outside of the first jar 
and the inside of the second will be at a somewhat lower 




Fig. 143. 

potential, Vj; the outside of the second and the inside of the 
third will be at a still lower potential, and so on ; the out- 
side of the last will be at zero potential, Vo. 

If C be the capacity of each jar, then, as equal quantities, 
Q, pass mto each jar, we have — 

for first jar Q = C(V - Vi) 

for second Q = C(Vi - Vo) 

for Q = C(V„_, - VJ 

for last Q = C(V„ - Vo) 

whence^ by addition, the total charge in the battery 

= C(V - Vo) = CV 

Thus the sum of the charges given to the }ars arranged in 
cascade is only equal to the charge given to one jar raised 
to the same potential, V. 

Energy of Discharge in the Cascade Arrangement. 
— ^We learn from the above explanation, that if we have n jars 
of equal capacity, arranged in cascade, the difference of poten- 
tial between the inner and outer coatmg of any one jar will be 

-V, where V is the potential of the inner coating of the first 

jar, the outer coating of the last jar being at zero potential 

Now as the charge in each jar is equal to the product of 
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its capacity and its potential, the charge in each jar will be 

i*CV,i;4; i that of a single jar fully chaiged. 
n n 

Generally, the energy of discharge = |QV ergs, so that the 

energy of discharge oiom jar, in cascade arrangement, 

I Q V I QV 
»--X~X-----V ergs 

,0V 

the energy of discharge of n jars = ergs 

ue* the energy of discharge of n jars is ^ the energy of a single 
jar charged in the ordinary manner. 



ExBRasB XIV. 

1. Two Leydcn jars are charged, one from five, the other from ten turns 
of an electrical machine, the outer coatings of the jars being connected 
with the ground. If in the second jar (which receives the larger charge) 
the tinfoil surface is twice as great, and the glass is twice as thick as in the 
first, compare the quantities of heat produced by discharging them. 

2. You have two Leyden jars of the same kind of glass ; the coatings 
of one measure each one square foot, and the glass is inch thick ; i£e 
coatings of the other measure eadi three square feet, and the glass is 
i inch thick. The knobs of both are placed at the same time in contact 
with the prime conductor of an electrical machine, so that on working the 
machine they are both charged. Show what are the relative charges of 
the jars, and the relative amounts of heat produced by discharging them. ' 

3. Two insulated metal balls, of which one only is electrified, are 
placed near each other. If an unelectrificd plate of paraffin is introduced 
between them, how is the distribution of the electricity on the balls 
altered? 

4. Two insulated metallic pktes are placed facing each other, and each 

of them is connected with a separate i^^old-leaf electroscope. If one plate 
is charged, the leaves of both electroscopes diverge. If now an unelectrihed 
slab of sulphur is introduced between the plates without touching either, 
state and explain the effect on each electroscope. 

5. A positively electrified metal ball is hung by a silk thread above a 
gold-leaf electroscojDC. Would the divergence of the leaves be altered 
(and if so — how and w !iy) by putting (i) an unelectritied cake of resin, or 
(2) a metal plate held in the hand between the ball and the dectroscope, 
so as not to touch either? 

6. An electrified brass plate held over the cap of an electroscope causes 
the leaves to diverge. On touching the electroscope the leaves fall together. 
If, after removing the finger, an unelectrified dry glas-. plate is put between 
the electrified metal plate and the electroscope^ without touching either, 
the leaves diverge again. Why is this? How must the electrified plate 
be moved to make the leaves collapse again ? 

7. Two insulated brass plates, a good way apart and connected by a 
fine wire» are electrified and then dischaiged. They are next electrified to 
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the same degree as before, but before being again dischaiged, they are 

moved so as to l)e in contact with each other face to face. On now dis- 
charging the plates, more heat is produced than was produced lA the 
previous discharge. Account for the diflereuce. 

8* An insulated metal ball of nine inches radius, connected by a long 
fine wire with the prime conductor of an electrical machine at work, takes 
a charge of one thousand units, when it is at a distance from all other 
conductors. Show what charge the ball will acquire from the same machine 
if it is surrounded b^ a concentric spherical metal cover, connected with 
the earth, and of ten inches internal radios. 

9. The outside coatings of each of two Leyden jars, C and D, are 
joined up to the zinc terminal of a battery of seventy Grove's cells in series. 
The inside coating of C is connected with the platinum terminal of the 
same battery, and the inside coating of D with the platinum of the fiftieth 
cell counting from the zinc end. If on comparing the charges of the two 
jars they are found to be equal, what do we know as to the relative 
capacities of the two jars ? 

10. Three equal similar Leyden jars are connected (l) in scries^ that is, 
SO that the outside coating of the first is in contact with the knob of the 
second, the outside of the second in contact with the knob of the third, 
and the outside of the third earth-connected ; (2) abreast^ or with their 
similar coatings all connected together, — and in each case the set of iars 
is charged as mlly as can be by the same machine. What proportion does 
the heat produced by completely discharging all the jars in the first case, 
bear to the heat produced by discharging them in the second case? 

11. A large insulated metal ball at a great distance from all other con- 
ductors is electrified, and then, by touching it with an earth-connected wire, 
IS disduuged. It is again electrified to the same degree as beforct and 
then discharged by bringing it in contact with a wall of the room. Why 
does the second discharge produce less heat than the first? 

12. The inside of a Leyden jar is connected with the prime conductor 
of an electrical machine, and the outside with the rubber of the machine, 
and also with a brass ball fixed at ^ inch from the prime conductor. If 
the jar is at first without charge, ten turns of the machine are required to 
cause a spark to pass between the conductor and the ball. If now (the 
inside of the jar remaining, as before, connected with the prime con- 
doctor) the ootside is insulated and connected with the inside of an exactly 
similar jar, the outside of which is connected with the rubber and the 
brass ball ; show how many turns of the machine would be required to 
make a spark pass. 

13. Two equal insulated spheres, 8 cms. in diameter, are placed some 
distance apart, and one of them is charged with 100 units of electricity. 
The two are then connected by a wnre. Calculate the eneq;y of the dis- 
charge which then takes place between them. 

14. A Franklin's pane is formed by pasting two sheets of tinfoil, each of 
which b 100 sq. cms. in area, on opposite sides of a sheet of glass \ mm. 
thick. How many sheets of tinfoil of the same size would have to be 
pasted on opposite sides of a sheet of ebonite 5 mms. thick to make a 
condenser of the same capacity, the specific inductive capacities of glass 
and ebonite being 3 and 2 respectively r 

15. The outside, earth-connected coating of a charged Leyden jar. A, 
is connected by a wire with the outside coating of an uncharged Leyden 
jar, B, and the knob of A is then made to touch the knob of B, so that the 
original charge of A is now shared between the two jars. What would 
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yon require to know about the jars in order to be able to calculate tbe pro- 
portion in which the charge is shared. Show how to find the proportion 

when all needful particulars are given. 

1 6. A sphere of 6 cms. radius is suspended within a hollow sphere of 
8 cms. radius. If it be electrified to potential 6, and the outer coating, be 
in earth contact, find the quantity of electricity with which it is charged. 

17. Find the capacity of a spherical condenser, the radii of the two 
coatings being 6 and 8 cms. respectively, the dielectric being paraffin 
whose specific inductive capacity is 2*9. 

18. If the radii be 7 and 10 cms., and the dielectric be shdiac (specific 
inductive capacity = 2), find the charo^e when the potential is 5* 

19. Find the capacity of an insulated plate of 8 cms. radius. 

20. Find the capacity of an air condenser having an insulated plate of 
10 cms. radius, and a condensing plate "6 cm. from it. 

21. An insulated metal plate of 10 cms. radius was charged to a potential 
8. A large uninsulated plate was then placed parallel to ita at a distance 
of 2 cms. What is the potential of the insulated plate? 

22. A sphere of 6 cms. radius was connected by a fine wire with the 
Gollec|ing plate (100 sq. cms. area) of an air condenser, its distance from 
the condensing plate being i cm. If a charge of 500 units be given to the 
system, what will be the respective charges on the condenser and the 
sphere ? 
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CHAPTER XII. 

ELECTROMETERS. 

The expressions, "charge of electricity," "quantity of elec- 
tricity," " difference of potential," have frequently been used, 
and we have employed a gold-leaf electroscope to roughly 
indicate the amount of charge and the difference of potential 
of vsurious bodies. Several beautiful and delicate instruments-'- 
some of which must now be described — ^have been constructed 
to accurately measure differences offiotenHai. Such instruments 
are called Eldctrometers. 

All electrometers measure differences of potential; the 
quatitiiy being measured only indirectly, for if the potential to 
which a conductor, whose capacity is known, is determined, 
then the quantity can be ascertained. The first instruments 
of this class — e*g. Harris's unit jar and Coulomb's torsion 
balance — however, aimed at measuring the quantities directly. 
Sir William Thomson, to whom we are indebted for all instru- 
ments for measuring differences of potential, divided them into 
two classes, {a) Idiostatic, and {b) Heterostatic, In the first 
of these, the electrification to be determined is the only one 
employed, while in the last, the measurement is made by 
means of an independent charge given to the instrument. 

Thomson's Attracted Disc or Absolute Electro- 
meter. — ^An attracted disc electrometer is one in which the 
attraction between two parallel discs at different potentials, 
and at a certain distance apart, is balanced by the weight of a 
given mass. 

Sir William Snow-Harris constructed the first electrometer 
of this kind. It resembled a balance, having a flat disc sus- 
pended at one end of the beam and an ordinary scale pan at 

4 
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the other. This disc was suspended above a similar insulated 

disc, which was connected with the charged body to be tested. 
When attraction took place between the two discs, weights 
were added to the scale pan until equilibrium was restored. 
This electrometer is defective in many particulars ; the chief 
one arises from the irregular distribution of the electricity on 
the plate, — ^the sur&ce density being much greater at the edges 
than on the flat surface. Sir William Thomson obviated this 
defect by introducing a guard plaie^ i.e. a fixed plate in 
which an aperture is cut to just admit, without contact, a 
movable disc, but which is, however, placed in conducting 
communication with it by means of a fine wire. 

In Fig. 144, which merely shows the essential parts of the 
instrument, the movable disc, C, is suspended within a fixed 




Fig. 144. 



guard plate, A, by three fine wires from unc end of a long 
metal lever, L. The plate is counterpoised by a weight, D, 
and the lever rests upon a fulcrum, consisting of a fine alu- 
minium wire (to which a certam amount of torsion is given), 
stretched between two supports, E £. To ascertain when the 
disc and the guard plate are in the same plane, there Is a 
fine hair joining the ends of the ''fork" F, which passes 
over an upright rod on which are two dots a short distance 
apart. The disc is in the same plane with the guard plate 
when the distance between the dots is bisected by the hair. 
This position is observed through a convex lens^ G. A 
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disc, B, situated below the movable disc and guard plate, is 
insulated and their distances apart are capable of adjustment 
by means of a micrometer screw (not shown in the figure). 
This plate is placed in connection wiA the body whose 

potential is to be measured, the other parts described being 
kept at the potential of the earth. 

To use the Instrument. — Place A and B in metallic 
connection for a moment, and then add weights on the 
movable disc until it and the guard plate are brought into the 
same plane, 1.^ so that the hair bisects the distance between 
the dots. Call this weight F* Now connect B with the con- 
ductor whose potential is to be measured, remove the weight 
F, and adjust the distance between B and C by means of the 
micrometer screw until C again lies in the same plane as 
the guard plate. C is then attracted with a force equal to the 
weight F. Now, it is proved in mathematical treatises on 
electricity that the total force, F, between two plates, whose 
field of force is uniform (which is the case on the movable 
disc and on the portion of the lower plate opposite to it), 
and whose potentials are different, is given by the formula 

S£V-V0« 

where S is the surface of each plate, V, their respective 
potentials, and / the distance between them. 

SV^ 

If Vj = o, this becomes F = 

... V = v¥ 

Now, as F represents a weight (in grammes)^ each gramme 
being equal to 9SX dynes force, and as S and / can easily 
be obtained, the potential in absolute measure can be 

calculated. 

From these considerations it is apparent that experiments 
with this instrument may be simplified if the weight F is con- 
stant, for then the difference of potential between the discs is 
simply proportional to their distance apart, when the movable 
disc is in tlie same plane as the guard plate. 
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is known as the constant of the 



instrument. 

The Quadrant Electrometer. — Sir William Thomson's 
quadrant electrometer (Fig. 145), which belongs to the hetero- 
static class of instruments, is adapted to measure very small 
differences of potential. It consists essentially of four hollow 
brass quadrants, which when fitted together form a short 





Fig T43. 



hollow cylinder. A, having flat parallel faces at the top and 
bottom. The quadrants are separated from each other, as 
shown in Fig. 146, which represents a plan of the instrument. 



Digitized by Google 



Electrometers 



169 



and are insulated by being placed on glass stems (G, Fig. 145). 
The opposite quadrants are connected together by wires, U€* a 
is connected with d and b with 
A Each of the two vertical 
brass rods» called dec- 
trodes, is respectively con- 
nected with one pair of quad- 
rants. The central part of 
the flat faces is removed so 
that a circular hole passes 
through theoL Through this 
hole there passes a vertical, 
thin, rigid rod of platinum at- 
tached to a light needle fig. S4& 
Fig. 146), — usually made of 

aluminium — which swings inside the cylinder. TJie portion of 
this rod outside the cylinder carries a small mirror, M, and is 
suspended from the support, E, by a silk fibre (or preferably 
by two parallel silk fibres — this being called bifUar suspension). 
The portion of the rod below the needle carries a platinum 
wire, which dips into a glass vessel, B, containing strong sul- 
phuric add. The outside of this vessel is coated with tinfoil 
like an ordinary Leyden jar. The sulphuric add serves two 
purposes; (1) it forms the inner coating of the Leyden jar, and 
(2) It i^ccps the interior of the instrument dry. The sulphuric 
acid has another platinum wire dipping into it, which is con- 
nected with an insulated brass wire, K, leading to the outside, 
and by means of which the Leyden jar is charged. The instru- 
ment is supported on three levdling screws, and is covered 
with a glass shade. 

The principle involved in its use depends upon the fact 
that when the needle is maintained at a high potential, viz. 
that of the Leyden jar, the four quadrants all being at one 
potential, it remains at rest. If, however, the pair of quadrants 
a d (Fig. 146) has a higher potential than the pair b the needle 
moves towards the quadrants b c with a force proportional to 
the product of the potential of the needle and the difference 
of potential between a d and b 
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In some forms of the instrument the outer glass cover is 
itself the Leyden jar, and the various parts are suspended from 
the metal cover at the top, and in the complete form there 

are many details of construction which cannot be treated of 
here. 

Two of the most important must, however, be mentioned, 
viz. a repUnisher iox maintaining the charge of the jar constant, 
and a gaufj^e for indicating when the jar is at some fixed 
potentisd. The latter consists of an attracted disc electrometeri 
of which the movable disc is in the cover at the top of iJie 
instrument, while the insulated disc is below and in connection 
with the sulphuric acid in the jar. As explained on p. i66, 
any alteration in the potential is detected by the movement of 
the hair on the '*fork " of the lever. 

The repknishcr (Figs. 147, 148) consists of two metal 
armatures— acting as inductors—^ in the form of hal^ 



that the carriers, when under full induction, are put in con- 
ducting communication with them« One inductor, say is 
connected by a wire with the sulphuric acid in the jar, but 
otherwise insulated ; the other, e\ being put to earth. If the 
jar be initially charged in the ordinary manner, e receives a 




cylinders, separated by a 
narrow air-space ; and two 
insulated metal carriers, 
c ^, attiiched to an ebonite 

spindle, R, by which they 
can be rotated between the 
inductors. 



Fko. X47. 



Two springs, s / (Fig. 
147)1 P^^^ through a hole 
in each inductor, but are 
connected with them at 
the back, and are so bent 
that the carriers come in 
contact with them. Two 
other springs, / in me- 
tallic connection, project 
inside the inductors, so 
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positive charge. Wlien the carriers are rotated in the direction 
of the arrow, c comes in contact with /, and ^ with /'. They 
will now be brought to the 
same potential, but since c 
is under induction, it will 
be charged negatively and 
^ positively. On farther 
rotation the two carriers 
will pass forward until they 
come in contact with the 
springs s s'j by which their 
charges will pass to the 
inductors. As the charge 
on is positive, the charge 
of the jar will thereby be 
strengthened 

A few turns of the cap 
at the top of the spindle 

will therefore increase the potential of the jar, if it be 
too low ; while if it be too high, a few turns in the opposite 
direction, by means of which the action is reversed, will 
diminish it 

Elementary use of Thomson's Electrometer, — (i) A beam of 
light from a lamp is made to pass through a slit in a screen (Fig. 
149), and falling on the mirror 
is rdlected on to a graduated 

scale situated above or below • 
the slit according as the slit 
is below or above the light. 
If the mirror on the instru- 
ment is a plane one, the beam 
must pass through a lens of 
suitable focus. 

(2) Charge the Leyden jar fig. 149. 

positively. This can readily 

be done by bringing either the collecting plate of an elec- 
trophorus, or the knob of a positively charged Leyden jar to 
the point C (Fig. 145), which is the outer termination of the 
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wire K. The shaded portions on this wire in Fig. 145 are 
insulating pieces of ebonite. 

(3) Carefully move the instrument so that the needle lies 
under the divisions between the quadrants, as shown in Fig. 
146, and so that the reflection from the mirror is at the zero of 
the scale. 

(4) Attach a wire to each electrode (Fig. 145), connect one 
with earthy and bring the other, terminated in a small bra^ ball 
and of course insulated, into the region, or near the body, whose 
potential is to be measured The reflection will move to right 

or left on the scale, the amount of displacement depending upon 
the potential of the small ball attached to the exploring wire. 

Easy Experiments with the Electrometer. — Suppose 
we have a positively charged conductor, A, in a room, , the 
walls of which being connected with the earth are at zero 
potential, then there will be a fall of potential from A to the 
walls, for as the distance from A increases, the potential (/.^. the 

ratio ^) becomes less. 

Exp. 121. ArrangeaThomson'squadnntelectrometer as just explained, 
and observe that the amount of displacement of the reflection increases as 
the small knob in connection with the exploring wire is carried towards 
the charged conductor iiicnlioned above. 

&Ep. UNK. (i) Now place an insulated and uncharged cylinder, B, near 
A. Bring the ball on the exploring wire in contact with the dde of the 
cylinder, and observe the position of the reflected ray. (Of course, if the 
rcilcction moves completely off the scale, either the position of B or 
the charge on A can be altered). Move the knob of the wire about the 
cylinder, and observe that the deflection remains the same, proving that B 
is at one potential. Observe, also, that the deflection is in the same dufCC- 
tion as in Experiment 121, proving that B is at positive potential. 

(2) Keeping the ball in its position, touch i> with the linger. The 
leBected ray moves back to the sero of the scale. B is therefore at zero 
potential. 

(3) Discharge A, and observe that the deflection is in the opposite 
direction, i.e, B is at a negative potential. 

(4) Request an asdstant to charge A negatively and bring it near B, 
observe that the deflection is greater in the negative direction, i.€, B has a 

greater negative potential. 

Exp. 123, io sh(no the presence of pyro-electricity. Bind a platinum 
wire round each end of a crystal of tourmaline, and attach the opposite 
ends to the electrodes F F, having the needle, of course, charged. 
Suspend the crystal above a metal plate, under which there is a lighted 
spirit lamp. The needle will be deflected, showing that the ends of the 
crystals are at dilferent potentials. 
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Exercise XV. 

1. Describe and explain the construction and action of the essential 
parts of Sir W. Thomson's quadrant electrometer. What is the instrument 
designed to 

2. In some forms of electrometer tiiere is a movable disc, surrounded 
by a wide flat ring in the same plane as the disc. Explain the use of this 

ring. 

3. A small insulated metal ball is charged so feebly that it does not 
affect an electroscope. Describe and exmain any device (snch as the 
"doubler" or " replenisher '*), whereby the charge on the ball can be 
made to give rise to a larger charge. 

4. Describe and explain the use of any form of "attracted-disc electro- 
meter." Show what it measures^ and explain the action of the ** guard- 
riog.- 
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CHAPTER XIII. 

ATMOSPHERIC ELECTRICITY. 

The early observers soon perceived that thunder and lightning 
were similar in their nature to the crackling and light of the 

electric discharge. Franklin proved an 
I exact similaritjr between the two discharges 

in (i) giving light, {2) speed, (3) noise, (4) 
conduction by metals and moisture, (5) 
fusing metals, (6) rending imperfect con- 
ductors, (7) killing animals, and (8) odour. 
He succeeded in drawing electricity from 
the clouds by means of a kite having a 
pointed wire attached to it The kite was 
held by ordinary packthread, having key 
at the end to which a silk cord was fas- 
tened. Having tied^the silk to a tree, he 
held his hand to the key ; but at first he 
was unable to obtain any result A storm 
of rain, however, came on, which, wetting 
the string, made it a good conductor, and 
he then obtained sparks in sufficient quan- 
tity to charge a Leyden jar. 

Smce Franklin's famous experiment, 
numerous observations have proved that the 
atmosphere is constancy in a state of elec- 
trification, even during fine weather. 

The older observers used a gold-leaf 
electroscope, having a rod, two feet in 
length, terminated in a point (Fig. 150). 
The instrument was shielded from rain by 
a metal cover four inches in diameter. The glass case was 
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square, and a graduated scale on the interior indicated the 
amount of divergence of the leaves. 

In recent years, Sir William Thomson has investigated the 
electrical condition of the atmosphere by aid of his delicate 
electrometers. i*or example, with the quadrant electrometer, 
one pair of quadrants is connected with the earth, while to 
the other pair is attached a long vertical insulated wire, 
terminated in a spkit lamp flame, or slow match, at a point 
whose potential is to Ise determined. By convection, the 
induced electricity is carried off until the whole conductor 
— flame, wire, and pair of quadrants— is at the same potential 
as the air surrounding the flame. The needle of the electro- 
meter will therefore move so that it indicates the diff'erence of 
potential of the point from that of the zero potential of the 
other pair of quadrants. 

Another method of carrying ofif the induced electricity was 
employed by the same experimenter. He insulated a large 
vessel containing water, provided with a long tube at its lower 
end. The water is allowed to pass in a \ cry fine stream from 
the tube. As each drop falls, a small ciuantity of electricity is 
carried away until the potenti;il of the vessel is the same as 
that of the air around the end of the tube. An insulated wire 
passes from the vessel, and is connected with one pair of 
quadrants, which therefore acquires the potential of the region 
in which the vessel is placed. The difference of potential is 
indicated by a movement of the needle as before. 

Cause of Atmospheric Electricity. — Many hypotheses 
have been propounded as to the cause of atmospheric elec- 
tricity. For some time past, it has been generally supposed to 
be derived from the evaporation of water containing salts in 
solution, the particles of vapour having a charge opposite to 
that of the water. It has recently been shoim, however, that 
a higher temperature is required to produce such electrifi- 
cation than that of the ordinary temperature of the water on 
the earth's surfece. 

That electrification is thus derived may be proved by the 
following experiment : — 

Szp. IM. Place a hot Hessian clay crucible on the disc of a gold-leaf 
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electroscope (Fig. 151). Pour a solution of copper sulphate into the 
crucible* Kapid evaporation takes place and the gold leaves diverge. 

Prove that the divergence is due to 
negative electrification. 

Water containing salts in 
solution becomes negative, the 
vapour becoming positive. In 
the last experiment the elec- 
trification is probably due to 
the friction between the par- 
ticles of water vapour and the 
sides of the crucible. How, 
then, is the vapour electrified 
positively in nature ? 

Some authorities suggest 
that the electrification of th«. 
atmosphere may be due to 
friction of wind agamst the 
surface of the earth, to friction 
of dry air against moist air, or 
to the friction of the particles 
•of water nj^ainst dry ice, both 
water and ice being present 
together in the higher regions. 
These hypotheses are, however, weakened by the fact that 
the electrification of the air is greatest during calm weather* 

Whatever may be the source of the electrification, it is 
certain that it is carried by the extremely minute water-particles. 
Each minute globule has a minute charge. Let us consider 
the effect of the coalescence of a number of these globules — 

Suppose that n globules, each of radius r, in falling unite to 
form one globule ; then the radius (r*) of this globule can be 
obtained by the following method : — 

The mass of a sphere = volume x density 

= — 

Now, the mass of the sphere of radius r' = « times that of 
the sphere of radius whence 
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— — — = n 

3 3 

/. ff = r>I/«" 

If, for example, = 8, the radius of the larger globule will be twice 
that of each of the eigh^ but the change is eight times as great. 

Now V = ^ 

therefore, as the capacity of a sphere = the radius, taking the 
quantity and capacity of the minute globule as unity, the 
potential is unity, while that of the eight globules coalescing 
8 

Thus the potential of a cloud increases enormously by the 
coalescence of the minute particles ; and as 'electrified clouds 

act inductively on a lower cloud or on the earth's surface, the 
difference of potential between the clouds, or between the 
clouds and the earth, increases to such an extent that a 
discharge takes place through the air between them. 

Lightning. — These discharges are flashes of lightning, of 
which three kinds have been distinguished; (i) forked light'* 
fdng, or the zigsag flashy which is no doubt due to the 
character of the air through which the discharge occurs, certain 
portions offering greater resistance than others; in feet, its 
path is the one of least resistance. (2) Sheet lightning, which 
is probably due to the illumination of the cloud where the 
flash occurs, or is merely the reflection on the clouds of a 
distant discharge. It is called heat or summer lightnings 
when the whole horizon is illuminated by flashes so far distant 
that the thunder is not heard. (3) Another, and very rare 
form, is called globular lightning, m which globes of fire travel 
slowly, or even remain* stationary, and then explode witli 
sudden violence. 

Thunder is the report which follows the discharge. It is 
probably due to the fact that the lightning heats the air in its 
path, producing sudden expansion and compression, which is 
followed by an extremely rapid rush of air into the rarifled space. 
A thunder dap is produced when the path of the discharge is 

N 



Digitized by Google 



178 



Friciional Electricity 



short and straight. The rattle is produced when the path is 
long and zigzag. Rumblings or rolling is produced by the 
echoes among the clouds. 

As the velocity of light is about 186,000 miles per second, 
we may consider it as piactically instantaneous; and as that of 
sound, at the ordinaiy atmospheric temperature, is 1x20 feet 
per second, the distance of a discharge can be ascertained by 
multiplying 11 30 by the number of seconds which elapse 
between the lightning and the first sound of the thunder. 

Lightning conductors consist of three essential parts : 
(i) a rod^ usually of copper or of galvanized iron, elevated 
above the highest portion of a building and terminated at the 
top in a fine point ; (2) a conductor^ connecting this rod with 
the ground, often made of a stout copper ribbon; (3) the 
earth eanneetim^ which is of very great importance. The lower 
end of the conductor should terminate in several branches 
passing into a well or at any rate into moist earth. Of course, 
the continuity of the conductor is of the utmost importance. 

The protective action of a lightning conductor is very 
simple; for suppose that a charged cloud passes over a 
building provided with a conductor; induction is set up, but the 
induced electrification accumulates on, and is then discharged 
from, the raised poin^ and so tends to neutralise the charge of 
the cloud. By this means a disruptive discharge is frequently 
prevented. Sometimes, however, the difference of potential is 



to the earth. 

It has been calculated that the area protected by a 
lightning conductor may be obtained as follows 



E 




Fic. 15a. 



B 



A 



so great that the con- 
ductor is unable to 
prevent disruption, and 
the lightning strikes. 
Even under these cir* 
cumstances, the dis- 
charge takes the path 
of least resistance, 
the conductor, and is 
therefore carried safely 
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Let AB (Fig. 152) be the height of the conductor above 
the ground On AB construct a square, AB CD. With D 
as centre describe the arc AC. Similarly describe the arc 
AIL Then the protected area = the cone, of which the vertical 
section is E A C. 

An experiment to illustrate the necessity of having a 
continuous conductor may be performed by what is known as 
the Thunder House (Fig. 153). . A represents 
the gable end of a house, having a conductor, 
B, tenninated in a knob at the: top and in a 
loop at the bottom. It is fitted with two mov- 
able squares, C and D, having wires passing 
down the middle, so that when they are in the 
position shown by the dotted lines in the dia- 
gram, the conductor is continuous ; when, how- 
ever, one or both squares are turned so that 
their wires are at right angles to the main con- ~f^^^ 
ductor, the continuity is broken. 

Exp. 125. (i) Attach a chain to the loop at the bottom of the coii' 
ductor, and place the movable squares so that the conductor Is continuous. 
Charge a Leyden jar» and hold the chain to the outer coating. On bringing 
the knob of the jar to that of the apparatus, the discharge passes through 
the wire without disturbing the sciuares. 

(2) Place one of the squares so that the wire is at right angles to the 
main portions. Again charge anddischaige the Lqrden jar as before ; the 
loose piece of wood is forced out 

The late Professor Clerk Mvixwell suggested that a building 
should be covered with a network of metallic wires, so that 
the building forms, as it were, the interior of the conductor. 

Dr. O. J. Lodge condemns the use of a rod passing above 
the highest point of a building, and suggests that the conductor 
should consist of a number of lengths of common telegraph- 
wire connected with large masses of metal, ^. j^. leaden roofs. 
The connection must be thorough, and made at many points. 
Barbed wire should be run round the eaves and ridges of the 
roof so that many points are exposed. Balconies and other 
accessible places should not be connected. 

Return Shock. — Suppose that a thunder-cloud of great 
length is charged positively. By induction^ the surface of the 
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earth and the objects thereon, below the cloud, will be 
negatively charged. Suppose also that there is so great a 
difference of potential between the cloud and the earth that 
a discharge occurs. The electrification of the earth will be 
neutralised, not merely at the point of discharge, but also at 
points many miles distant. A person under the inductive 
influence of the cloud, but situated at a place some distance 
from the point of discharge, will therefore receive a shock at 
the moment of the discharge, owing to the abrupt neutralisa- 
tion of the induced charge in his body. Such sudden 
neutralisation is known as the return shock. 

The Aurora is a luminous phenomenon occurring chiefly 
in high latitudes and depending upon the electrical condition 




Fig. 154. 



of the atmosphere. If it occurs in northern latitudes it is 
known as aurora borealis, or northern lights, while in southern 
latitudes it is called aurora australis. 

In the arctic regions the aurora occurs almost nightly, and 
it occasionally extends over very large areas. The light 
assumes various forms and colours ; e.g. (a) it sometimes 
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appears merely as pale and flickering streaks, occasionally- 
tinged with various colours, passing from the horizon towards 
the north magnetic pole ; (b) it sometimes form an arc (Fig. 
154) ; while {c) at other times it illuminates the whole sky. 

Two chief facts point to the dependence of auroral displays 
upon the electrical state of the atmosphere — (i) magnetic 
storms alwajrs accompany them, and (3) the rays converge to a 
point, which is the prolongation of the direction of a dipping- 
needle. 

Lemstrom has shown by his experiments in Lapland that 
the aurora is due to currents of positive electricity illuminating 
the atmosphere in their passage from the higher regions to the 
earth. . 



Digitized by Google 



VOLTAIC ELECTRICITY. 



CHAPTER XIV. 

THE SIMPLE CELL. 

If by some means the ends of a wire are kept at different po- 
tentials, we produce what is known as an electric current through 
the wire. Such a difference of potential is often produced 
by chemical action of liquids on metals ; but before discussing 
any method by which it can be done, it will be advantageous 
to perform a few preliminary experiments. 

Xsq^. IM. (a) Poor some water in a vessel, and add aboat one-twelfth 
part by weight of strong sulphuric acid, constantly stirring with a glass rod. 
Immerse a strip of commercial «nc in the dilute acidy and observe that a 

violent evolution of gas takes place. 

{b) Fill a clean test-tube with water, and invert it over the zinc. The 
water is displaced by the gas. Removing the test-tnbe, immediately bring 
a lighted match to the mouth of the tube, and observe that the gas bams 
with a pale blue flame. This is one of the tests for hydrogen. 

{c) After the action has continued for a short time, pour a little of the 
liquid in a porcelain evaporating dish, and then evaporate it to dryness 
over a Bunsen's or a spirit-lamp flame. A white solid — sulphate of zinc- 
remains, which has been formed by the zinc dissolving in the acid. 

If the weight of hydrogen be computed, and the loss of weight of the 
zinc be determined, the two weights will be constant in proportion, viz. 
one part of hydrogen will be evolved, when 31*5 parts of sine aie dia> 
solved. These numbers are to one another as the chemical equivalents of 
the elements (p» 270). 

This is an example of chemical action, and is represented 
by the equation — 

Zn 4- H^04 = ZnS04 + 

Exp. 127. Amalgamate the strip of zinc u^^od in the last experiment. 
This consists of two operations, of which, with this particular strip, the first 
has been performed : (i) cleaning the zinc by dipping it in dilute sulphuric 
add, and (2) coating its surface with mercury, which is easily done by 
pourmg a little mercury on the zinc, and immediately tpreadtng tt over the 
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mrfape with a rag or brush. The mercury unites with the smc, fbnniiig a 

silvery<white amalgam of mercury and zinc. The unused mercury ought 
to be collected and put in a bottle for future use. Immerse the amalga^ 
mated zinc in the acid, and observe that no evolution of pas occurs. 

Ezp. 128. Immerse a strip of pun zinc in the acid. No chemical 
action takes place. It must, however, be mentioned that pure zinc is very 
difficult to obtain, so that a slight action will probably occur when the add 
comes in contact with the zinc, 

Ezp. 129. Immerse a strip of copper ui the add. Again, there is no 
action* 

From these experimeiUs, we therefore learn that dilute 
sulphuric acid does not act chemicaDy upon eitiier amalgamated 
zinc, pure zinc, or copper. 

The Simple Cell — £zp. 130. Place strips of copper and amal' 

gamated zinc in the dilute add. 

i^a) No action occurs when the metals are 
not in contact. 

{b) Allow the metals to touch, cither inside 
or outside. Observe that little or no efferves- 
cence takes place from the zinc, but that bub- 
bles of gas rise freely from the copper. Col* 
lect and test the gas as in Experiment 126* 
It is found to be hydrogen. 

{c) The same result occurs if copper wires 
are attached to each plate, and their free ends 
brought in contact (Fig. 155). This arrange- 
ment is called a simple ceU^ 

Gumnt of Electricity. — ^Tbe 
chemical action between the liquid and 
the 2inc, and the apparent transference of hydrogen to the 

copper when the metals are connected, are always accompanied 
by electrical action; i»e, there is set up a flow or current of 
electricity. 

It now becomes necessary to prove experimentally that 
there is a difference of potential between the zinc and copper, 
or, what is the same thing, between the free ends of the two 
wires connecting the zinc and copper. 

Ezp. 181. Fasten one end of a silk-covered copper wire hy means of 

binding-screws to a plate of copper. Similarly, fasten a copper wire to a 
plate of zinc. Partially immerse the plates in dilute sulphuric acid. Charge 
a Thomson's quadrant electrometer by the method mentioned on p. 171. 
Attach the free ends of the wires to the two electrodes, and observe that 

the needle moves in a direction which indicates that the quadrants in connec- 
tion with the copper plate are positive to those in connection with the zinc 

It can be further proved that the copper is positive to the 
earth, and the zinc negative to the earth. 
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A similar result can be obtained by using a condensing 
electroscope ; btit in this case we must employ a voltaic baUery 
to show the difference of potentials satisfactorily. 

Exp. 132. Bring the free end of the wire from the platinum end of a 
Grove's battery of three or four cells (see p. 199) in contact with the lower disc 
of a condensing electroscope 
(Fig. 156), and that from the 
zinc end in contact with the 
upper disc. Remove the wires 
and lift the upper plate from the 
lower by means of the insulating 
handle. Observe that the leaves 
diverge widely. Prove that the 
dectnfication is positive. 

Sip. 133. Reneat the last 
experiment, but touch the lower 
disc with the wire from the zinc, 
and the upper one with the wire 
from the platinum. Prove that 
the electrification of the leaves is 
n^ative. 

These experiments are Fig. 156. 

explained as follows : — The 

wire in connectbn with the platinum (the metal which cone- 
sponds to the copper in a simple cell) becomes positively charged, 
and therefore the disc upon which it is placed acquires a small 
positive charge ; the wire in connection with the zinc becomes 
negative, and therefore the disc in contact with it is nega- 
tively charged. When the upper plate is lifted, the capacity 
of the condenser diminishes very considerably, so that the 
charge on the lower disc raises its potential sufficiently to cause 
a divergence of the leaves — the action, in fact, being precisely 
similar to that described at length on p. 122. 

We, therefore^ learn that positive electricity accumulates 
on the wire in connection with the copper or platinum, 
and negative on the wire in connection with the zinc. A 
current will thus flow through the connecting wire from the 
copper or platinum — which is called the positive pole— to the 
zinc — which is called the negative pole. And, as will be shown 
in Experiment 146, the current flows through the liquid from 
the zinc to the copper. 

It has been proved that the zinc wastes away, and this, no 
doubt, furnishes the energy which drives the current through 

y 
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the liquid to the copper plate, and thence through the 
wire. 

Properties of the Current. — ^The presence of a current 
in a wire can only be recognised by the effects it produces ; 

(1) When a cnirent flows through a wire^ which has a freely 
suspended magnetic needle placed in any position near it, the 
needle is deflected in such a manner that it tends to set itself 
at right angles to the wire. 

(2) If the wire be wound round a core of soft iron, the 
iron becomes a temporary magnet 

(3) The temperature of the wire rises. 

(4) Certain liquids are decomposed, if the ends of the 
wires are immersed in them. 

These efiects are of the greatest possible importance, 
as all the practical applications of electricity depend upon 
them. 

Detailed information respecting these effects will be given 

later; at present, how- 
ever, we shall merely 

give a simple case of the 

deflecting power of the 
current, in order to un- 
derstand the results of 
certain preliminary ex- 
periments. 

Szp. 184. Place the wire 
from a simple cell above and 
parallel to a horizontally sus- 
pended magnetic needle. 
Observe that— 
Pus. 157. (i) the current pass 

from north to south, the N- 
seeking poie of the needle is deflected to the east ; 

(2) If it pass from sooth to north, the N-seeklng pole is deflected 
towaids the west (Fig. 157). 

Carefully bear these rules in mind. 

The Galvanoscope. — As we have frequently to test 
currents which, passing through a single wire, may be unable 
to deflect a needle, we shall now describe the construction of 
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an exceedingly useful instrument called a Onrrent indicator, 
or QalvanoBcope. 

{a) Make a wooden framework about 6 inches long, 1} inch 
wide, and inch deep. As it is preferable not to have a top 
to the framework, support 
the wooden sides by rectan- 
gular wooden blocks, as 
shown in Fig. 158. Cut a 
groove about an inch wide 
underneath the bottom. Fig. 158. 

ifi) Wind silk-covered 
copper wire ten or twelve times round the frame, so that it 
lies evenly in the groove. 

(c) Fasten the frame to a wooden base A (Fig. 159), having 




Fig. X59. 



first cut a groove in it similar to the one in the bottom of the 
frame. 

(i) Attach the ends of the wires to two binding-screws, 
B, C, fixed to the base. 

(<f) Having graduated a circular piece of cardboard, D, in 
degrees, glue it to the bottom of the frame, taking care that the 
zero of the scale is under the middle wire. 

(/) Fix a sewing-needle vertically in a small cork so that 
the point projects about a quarter of an inch, and then glue 
the cork so that the needle forms a pivot at the centre of the 
card. 

($) Place a magnedc needle, £ (two inches or so long), on 
the pivot 

The principle of the action of the galvanoscope will be 
understood from subsequent explanations. It must be men- 
tioned that the construction of such instruments is very varied. 

A 
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They may, however, be divided into two classes: (i) hori- 
zontal galvanoscopes ; and (2) vertical galvanoscopes. Tele- 
graphic engineers commonly use 
the latter form (Fig. 160), which 
has a vertical coil, having within 
it a magnetic needle loaded so 
that it rests in a vertical position. 
A pointer, fastened to the axis of 
the needle, moves over a gradu- 
ated circle placed between the 
coil and the pointer. On sending 
a current round the coil, the needle 
(and the pointer connected with it) 
tends to set itself horizontally, 
F,c. 160. Electromotive Series. — 

Exp. 136. Attach the wires from a copper- 
and-zinc cell to the binding-screws of the galvanoscope, and notice that the 
direction of deflection is similar to that given in Experiment 134. 

Exp. 136. Replace the copper by plates of platinum, iron, silver (half 
a crown), and carbon respectively. Having attached the wires to the bind- 
ing-screws, observe that, in each case, the deflection of the N-seeking pole 
of the needle is in the same direction as when copper was used. We, there- 
fore, conclude that the current passes through the wire from each of these 
substances to the zinc. 

Exp. 137. Partially immerse iron and carbon plates in dilute sulphuric 
acid. Notice that the deflection shows that the current flows through the 
wire from the carbon to the iron. 

From experiments similar to these, the following substances, 
when partially immersed in dilute sulphuric acid, have been 
arranged, so that, any two being used, the current flows through 
the connecting wire from the latter to the former : — 




6. Nickel 

7. Bismuth 

8. Antimony 

9. Copper 



10. Silver 

11. Gold 

12. Platinum 

13. Carbon 



1. Zmc 

2. Cadmium 

3. Tin 

4. Lead 

5. Iron 

The position of any substance on the list varies consider- 
ably with (a) its condition ; {b) the strength of the liquid ; and 
{c) the nature of the liquid. The greater the distance on the 
list between any two bodies, the greater the difference of 
potential. 
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The substance from which the current flows through the 
wire is called ekdra-negaiive to the other, which is eUdrthpodHve. 

The terms electro-positive and electro-negative suhsianm 
must not be confounded with positive and negative poles* 
The following consideration will make this clear : — ^The starting- 
place of the current is the portion of the electro-positive plate 
{e.g, the zinc) immersed in the liquid. This portion is there- 
fore positive, while, as we have proved in Experiments 131, 132, 
133, the external portion is negative. Now, the parts outside 
the liquid are the poles of the cell ; thus we learn that the 
negative pole is the external portion of the posiHve plaie; 
and vice versd. 

A current may, however, be produced by one metal and 
two liquids. The beaker, A (Fig. 161), contains strong nitric 
acid, in which is placed a porous pot, B, 

containing a strong solution of caustic 
potash. If the ends of two platinum 
wires are immersed respectively in the 
acid and the potash, and their free ends 
connected with a galvanoscope, the 
needle will be deflected in a direction 
which proves that the current flows 
through the wure from the acid to the 
alkali. 

Theory of fhe Simple CelL— The following hypothesis 
may account for the action in a voltaic cell : — 

A molecule of sulphuric acid consists of two groups — the 
sulphion (SO4), which is electro-negative, and hydrogen, which 
is electro-positive. If plates of zinc and copper are placed in 
the acid, the zinc, on account of its tendency to oxidation, has 
a greater attraction than copper for the sulphion part of the 
molecule, and the result is that the molecules arrange them- 
selves so that the negative sulphion groups face the sine, and 
the positive hydrogen groups, the copper. 

Agam, the zinc has an affinity stronger than the hydrogen 
for the sulphion group, so that it displaces the hydrogen, 
which, however, recombines with the sulphion groups in the 
next layer of molecules, and so on, until finally the hydrogen 
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groups reach the copper ; thus negative electricity is being 
constantly given up to the zinc, and positive to the copper. 
If the plates are disconnected, this action immediately ceases, 
on account of the self-repulsive action of the charge accumu- 
lated on the zinc upon the osqrgen atoms ; but if the plates 
are in metallic connection, the positive charges, which the 
hydrogen atoms give up to the copper, are enabled to flow 
round, and neutralise the negative charge on the zinc, thus 
allowing the action in the liquid to go on continuously. 

Local Action. — The energy vvliich produces the current 
is derived from the gradual wasting away of the zinc. If this 
waste takes place without doing any useful work, as is the case 
when commercial zinc is used, it is due to what is called local 
action. Such action appears to be caused by minute particles 
of various substances being present as impurities in the zinc. 
We have learnt from Experiment 136 that each of these sub- 
stances, with the zinc and^ the acid, produces a small electric 
current The particles are frequently present in large numbers, 
so that we have a large number of small currents — called local 
currents — ^which consume the zinc uselessly, and cause the 
main copper-to-zinc current to fall off. 

Theory of Amalgamation. — This local action can be 
avoided, and therefore the useless waste of the zinc prevented, 
by amalgamating the zinc plate. The mercury dissolves the 
zinc, forming a uniformly soft layer upon which the liquid can 
act. It is, however, incapable of dissolving the various im* 
purities, so that they are at first merely covered up. As the 
zinc dissolves away, the particles become loose, and fall to the 
bottom of the cell. 

Polarisation of the Ce pper Plate in a Simple CelL 

— ^Ezp. 138. Form a cop])cr-and-unc cell, using very dilute sulphuric acid. 

Attach the wires to the l/mding-screws of a gnlvanoscope, and notice the 
aiiioup.t of deflection on the graduated scale. After allowing the action to 
proceed for some time, read the amount of deflection again. It vrill be 
round to be smaller, proving that the strength of the current has diminished. 

This weakening of the current is mainly due to the deposi- 
tion of a film of hydrogen on the copi^er. This deposition 
of a film of hydrogen is called Polarisation^ and tends to 
weaken the current in several ways- 
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(1) the bubbles of gas are bad conductors, and they 
therefore-dffer great resistance to the passage of the current j 

(2) hydrogen is electro-positive ; and because the surface 
of an electro-negative plate becomes coated with an electro- 
positive substance, the difference of potential between the two 
plates is materially lessened ; 

(3) the hydrogen decomposes the zinc sulphate formed in 
the cell, producing a deposit of zinc on the copper plate. 

The effects of polarisation are prevented in a measure by — 

(1) making the surface of the negative plate rough — as in 
the Smee's cell (p. 195) ; or 

(2) using a second liquid, or substance, which acta chemi- 
cally upon the hydrogen. For this purpose the substance must 
be capable of oxidising and, therefore, destroying the hydrogen. 
The substances most commonly employed for this purpose are 
nitric acid, copper sulphate, chromic acid, and peroxide of 
manganese. 

EXBRCISB XVI. 

1. When zinc and copper arc placed in contact in dilute sulphuric acid, 

hydrogen bubbles (produced by the action of the sulphuric acid on tiie 
rinc) are given off at the copper. How is this explained ? 

2. What do you understand by the term electric current ? 

3. What is meant by polarisation of the electro-native plate ? How 
can you show its efiects on the current ? 

4. Each terminal of a Grove's V>attery of, say, thirty cells is connected with 
a separate delicate gold-leaf electroscope. State and explain the effect on 
each electroscope produced by connecting with the earth : (1.) the middle 
of the battery ; (ii.) the electroscope connected with the platinum end of the 
battery ; (iii.) the electroscope connected with the zinc end of the battery. 

5. A plate of zinc and a plate of copper are in contact at one end. 
Their other ends are connected (i.) by a piece of platinum, (ii.) by a drop oi 
dilute acid. Why d oes a current flow round the circuit in the second case, 
and not in the ^t ? 
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CHAPTER XV. 

VOLTAIC CELLS AND BATTERIES. 

Daniell's Cell is constructed in a variety of forms. Its 
essential parts are a zinc rod or plate immersed in dilute 
sulphuric acid, separated by a porous cell from a solution of 
copper sulphate, in which a copper rod or plate is immersed. 
It is often constructed as shown in Fig^ 162, so that the 

outer vessel, A, is entirely of copper, 
and contains a strong solution of copper 
sulphate. In order to keep the strength 
of the solution constant, crystals of the 
substance are placed on a perforated 
shelf, D, with which the copper vessel is 
generally provided. Inside this, is a 
cylindrical porous cell, B, containing 
dilute sulphuric acid and a rod of amal- 
gamated zinc, C. 

Ezp. 189. Repeat Experiment 138 with a 
DonieU's cdl and « galvanoscope. Notice that 
the readings are the same in both cases. The 
current is, therefore, constant. 

In this cell, the hydrogen liberated by the action of the 
sulphuric acid on the zinc attacks the copper sulphate, forming 
sulphuric acid and depositing copper on the copper cell or 
plate The following equations represent this action : — 

Zn + HaSO* = ZnS04 + H,. 

The nascent hydrogen then acts on the copper sulphate, 
and we have — 

H, + CUSO4 = H,S04 + Cu. 
The formation of zinc sulphate in the porous cell does not 
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affect the action of the cell until crystals are deposited ; in 

fact, it is found that a concentrated solution of zinc sulphate 
may be used instead of dilute sulphuric acid, with good 
results. When this solution is used, no action occurs until 
the terminals are joined, i.e. until the circuit is complete. The 
energy of the current then arises from the fact that zinc has an 
affinity greater than copper for the acid radicle^ SO4, and 
therefore this acid radicle in the copper sulphate leaves the 
copper to form zinc sulphate. Such action^ of course, occurs 
where the liquids meet 

Gravitation Cells.— The use of porous vessels has several 
objections, so that cells have been devised in which the 
liquids are separated merely by a difference in density. Two 
such cells will now be described, both of 
which have an action similar to that of the 
Daniell's cell just described. 

Callaud's Cell is represented in sec- 
tion in Fig. 163. V is a glass or earthen- 
ware vessel; Q a copper plate soldered 
to a guttapercha-covered wire; a. zinc 
cylinder. A layer of crystals of copper sul- 
phate (CUSO4) is placed on the copper 
plate, and the cell is then filled up with 
water. These crystals dissolve in the 
water, forming a solution which gradually 
diffuses, and, as it comes in contact with the zinc, forms zinc 
sulphate (ZnSO^), which, owing to its lower 
density, floats on the solution of copper 
sulphate. 

Minotto'8 Cell (Fi£^ 164) has a layer 
of sand or sawdust instead of a porous cell 
The arrangement of the cell is as follows : 
At the bottom of an earthenware vessel, 

V, a layer of crystals of copper sulphate, 
a by is placed ; and on this a copper plate, 
C, having attached to it an insulated wire, 
I. Above this is placed a layer of sand or 
sawdust, b having a cylinder of zinc, Z, resting upon it 

o 




Fig. itfj. 
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The vessel is filled with water, the same action occurring 
as we have described in Callaud's cell. 

Grove's Cell. — In this cell, the outer vessel is generally a 
flat cell of glass or earthenware, A (Fig. 165), which contains 

a strip of amalgamated zinc, B, immersed 
I in dilute sulphuric acid. The zinc is bent 

I round a porous cell, C, in which is placed 

" B ^ * piece of platinum foil, D, immersed in 
i \ RJ^ i strong nitric acid. 

The chemical reactions in this cell are 
represented by the following equations : — 
Zn 4- HaS04 = ZnSO^ + Hj. 
When the nascent hydrogen reaches 
the porous cell, it acts upon the nitric 
acid, forming water and nitrogen peroxide, 
thus — 

H, 4- 2HNO3 = 2H3O + 2NO2. 
The nitrogen peroxide is a dark red 
gas, which, unlike hydrogen, is incapable 
of producing polarisation of the platinum plate. 

A Grove's cell is very convenient and powerful ; the pla- 
tinum, however, causes it to be expensive, and the nitrogen 
peroxide fumes are injurious. 

Bunsen's Cell is similar to a Grove's in principle and 




Fig. 165. 




Fig. 166. 



action, and only differs in construction by having a rod of 
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carbon (gas coke) in place of a platinum plate. Thus, in Fig. 
166, F is a. cylindrical outer vessel of glass or earthenware; 
Z, a zinc cylinder; V, a porous 
cell ; Cy a rod of carbon. Dilute 
sulphuric add is placed in the 
outer vessely and strong nitric acid 
in the porous cell P shows the 
complete cell. 

Smee'B Cell (Fig. 167) con- 
sists of a sheet of platinum or 
silver between two zinc plates, 
A A, irninersed in a vessel con- 
taining dilute sulphuric acid. The 
platinum or silver is very thin, and 
is, therefore, supported by a wooden 
framework, attached to a cross- 
piece, £. It is covered with finely 
divided platinum, the rough surface 
of which gives off the hydrogen 
bubbles very freely. The zinc 
plates are fastened together by a 
binding-screw, C, while the platinum or silver plate is con- 
nected with the binding-screw D. The 
action is similar to that of a smiple cell, 
and although the roughened surface pre- 
vents polarisation to a certain extent, the 
current is by no means constant. 

Tlie Bichromate Cell (Fig. 16S) con- 
sists of a zinc plate, Z, attached to a brass 
rod, which slides up and down a brass tube 
passing through an ebonite cover, and by 
means of which the zinc plate may be re- 
moved from the liquid when not in use. 
Two carbon plates, C C, one on each side 
of the zinc, are attached to the cover. 
The liquid is a mixture of dilute sulphuric 
acid (HaS04) and potassium bichromate 
(KsCriO})* The proportions vary, but they frequently consist 




Fig. 167. 




Digitized by Google 



196 



Voltaic Electricity 



of 2 ozs. by weight of HjS04, 2 ozs. of KjCrjO;, and one pint 
of water. 

The effect of adding dilute H2SO4 to the KjCraO^ is to 
form chromic acid and potassium sulphate, as represented by 
the following equation : — 

KaCr^O; + 7H2SO4 + H2O = 2H2Cr04 4- K^SO^ + 6H2SO4. 

When the circuit is completed, (a) the sulphuric acid acts 
on the zinc, forming zinc sulphate ; and {b) the chromic acid 
removes the hydrogen bubbles, and is converted into chromic 
oxide (CraOa) and water, the former dissolving in the excess 
of sulphuric acid present to form chromium sulphate, as repre- 
sented by — 

6H2SO4 4- 3Zn + 2H2Cr04 = Cr2(S04)3 + 3ZnS04 + SHA 

A secondary reaction also occurs, between the potassium 
sulphate (K2SO4) and the chromium sulphate [Cro(S04)3], form- 
ing chrome alum [K2Cr2(S04)4], which is a useless by-product. 

This cell is a convenient 
one for ordinary experimental 
work. The difference of po- 
^ tential, however, remains con- 
j stant for a short time, and then 
rapidly falls. It is, therefore, 
chiefly of value when a current 
is required for short intervals. 
Chromic acid is now fre- 
quently used instead of potas- 
sium bichromate. Its advan- 
tages are (i) greater solubility 
in water; and (2) the formation 
of chrome alum is avoided. 

Leclanche's Cell (Fig. 
169) consists of a rod of gas 
carbon, C, placed in a porous 
cell, P, which is then tightly 
packed round with small pieces 
of gas carbon and powdered 
peroxide of manganese. These fragments of carbon are then 
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covered by a layer of pitch, M. A piece of lead, L, is soldered 
to the top of the carbon, to which a binding-screw is fixed. A 
rod of zinc, Z, is immersed in a solution of ammonium chloride 
(NH4CI), which, when the cell is working, forms zinc chloride 
(ZnCls) and liberates hydrogen, which is slowly oxidised by 
the peroxide of manganese. 

The chemical reactions may be expressed thus— 
aNH^Cl + Zn » ZnCl, + aNH, + H,. 

Ammonia (NH,) comes off from the cell, and the nascent 
hydrogen acts on the peroxide uf manganese, forming the 
lower oxide (MnaOa), as shown by — 

2Mn02 + H3 = MnA + H3O. 

The current given by this cell is continuous for a few minutes 
only, owing to the fact that the hydrogen bubbles are not 
quickly acted on by the peroxide of manganese. however, it 
be allowed to rest^ it regains its original strength, and on tiiis 
account it is well adapted for ringing electric 
bells and for occasional use in telegraphy. 

Marie Davy's Cell (Fig. 170) has an 
outer vessel, V, containing a zinc rod or cylin- 
der immersed in brine. The porous pot, P, 
contains a paste of mercury sulphate, in which 
a rod of carbon, C, is immersed. In this cell, 
zinc chloride is formed, the liberated sodium 
acting on the mercury sulphate, forming so- 
dium sulphate, and liberating mercuiy, which 
collects at the bottom of the vessel This 
action is represented as follows : — 

Zn 4- 2NaCl -f HgS04 = ZnCL, -f- Na,S04 + Hg. 

Sometimes water is used instead of brine, and the equation 
then becomes — 

Zn + H,0 + HgS04 » ZnS04 + H,0 + Hg. 

Thus, zinc sulphate is formed in the cell, and the action 

proceeds in a manner somewhat similar to that described on 

p. 193- 

This cell is well adapted for telegraphic work, and, in fact, was 
largely used in 1* ranee before the Leclanchd cell was introduced 
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Niaudet's Cell is similar in construction to the Mari^ 
Davy cell, except that bleaching powder is used with the carbon 
instead of mercury sulphate. The bleaching powder (CaOCy 
readily parts with chlorine and oxygen, both of which act 
chemically upon the hydrogen, and so prevent polarisation. 

De la Bae's Cell consists of a glass tube, about six 
inches long and three quarters of an inch wide, which con- 
tains a 2inc rod immersed in ammonium chloride, and a silver 
wire embedded in fused silver chloride. 

In this cell the hydrogen which is evolved reduces the 
silver chloride to metallic silver, which is deposited on the 
silver wire. 

Latimer Clark's Standard Cell.— This cell, although 
of little value lor practical work, is very constant, and furnishes 
a standard of electromotive force, which is 1*436 volt (p. 201). 
It consists of pure mercury (which acts as a negative plate), 
covered with a paste made by boiling mercurous sulphate 
with a saturated solution of nnc sulphate. A zinc plate rests 
upon the paste. Connections with the two plates are made fay 

means of insulated 
wires. 

Voltalo Bat- 
teries. — Cells may 
be grouped in va- 
rious ways. 

(i) Simple cir- 
cuity multiple arc^ or 
« in parallel;* is that 
arrangement in which all the positive terminals are connected 

with one another, and all 
the negative terminals with 
one another (Fig. 171). 

(2) Compound drcidt^ 
ot " in series/* is that ar^ 
rangement in which the 
positive terminal of the 
first cell is connected with 
the negative terminal of the second, and so on (Fig. 172). 
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(3) Mixed circuit is a combination of (i) and (2)* In Fig» 




Fig. 173. 



175 each set of four cells is joined in series," while the four 
at each end are joined in simple circuit 

Such groups of cells are known as Voltaic batteries. * 
Fig. 174 represents four Grove's cells arranged mcmnpound 
drcttit^ or "iVir series^ the zinc of one being connected with 
the platinum of the next by means of binding-screws, m. 
The free dnc at one end is connected by the binding-screw a 




Fic. r74* 



to one end of the external circuit The free platinum is sup- 
ported by a piece of brass attached to the box B, m which the 
cells are placed, by means of a binding*«crew, which also 
serves to connect it with the other end of the circuit. 

Volta's Crown of Cups. — ^The earliest batteries were 
constructed by Volta. One of these, which he called the 
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** Cmtroruu de Tosses^ consisted of a number of glass cups ' 
partly filled with brine or dilute sulphuric acid, in each of which 
strips of zinc and copper were placed. The metals weie con- 
nected "in series." 

The Voltaic Pile was devised by Volta to prove the 
contact theory of electricity. It consists of a large number of 
discs of copper and ainc, generally soldered together, and 

having a piece of flannel (moistened 
with brine or dilute sulphuric acid) 
between each pair. The discs are 
placed in a wooden frame in the 
order— copper, zinc^ flannel; copper, 
sine, flannel; and so on. When 
the free metals are connected 
by a wire, a current passes in the 
direction shown by the arrow in 
Fig. 175. This direction, at first 
sight, appears contrary to that given 
on p. 184; but a moment^s con- 
sideration will show that if a small 
element— zinc, flannel, copper— be 
taken, the current passes up the 
column, and therefore dawn the wire; In fact, the zinc at the 
top is merely a metallic extension of the copper next to it; and 
the copper at the bottom, an extension of the next zinc. 

Zamboni's Dry Pile. — In this pile, the flannel is replaced 
by paper, which, no doubt, absorbs moisture from the atmo- 
sphere. The paper is covered on one side with tinfoil, and 
on the other, with powdered peroxide of manganese (Mn02). 
It is then cut into discs and piled together, in a gls^ tube, 
in the order — tinfoil, paper, peroxide of manganese. With 
several thousands of these discs, electric sparks are produced. 

Bohnenberger'a Eleotrosoope consists of a smgle gold 
leaf suspended midway between two metal plates, which are 
connected with the poles of a dry pile — ^the manganese per- 
oxide forming the positive pole, and the zinc, the negative. 
When the gold leaf possesses a free charge of electricity it is 
attracted to one plate and repelled from the other, and of 
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course its charge is opposite in kind to that of tiie pole towards 
which it moves. 

Electromotive Force. — A very important factor in the 

working of voltaic cells is the difference of potential existing 
between their separated terminals. That which produces this 
difference of potential is known as electromotive force ^ 
(generally contracted to E.M.F.). The unit employed to 
measure E.M,F. is called the volt^ which we may consider, 
without much error, to be the £*M.F. of a Daniell's cell. 
Adopting this imit, we can determine the E.M.F. of any cell 
by observbg the deflection of the needle, when the terminals 
of the cell are connected with those of a Thomson's quadrant 
electrometer ; such deflections being directly proportional to 
the E.M.K of the cells. It will be noticed that, under these 
circumstances, the circuit is never closed, and we, therefore, 
obtain the true E.M.F. of the cell, free from polarisation errors. 
Other methods of measuring E.M.F. will be given later. 

The values of the E.M.F. of various cells are given in the 
following list, the slight variations given in a particular cell 
arising chiefly from the difference in condition and chemical 
composition of the metals and liquids : — 

Volta .. .. 1*0 volt nearly. 

Smee . . . • • • '5 to i 'o „ 

Daniell j 

Callaud I I'o to 1*14 volts. 

Minottoj 

Grove x'94toi'97 » 

Bunsen 175 to 1*96 

Leclanch^ 1*42 

Niaudet 1*63 

Clark's standard .. .. r'436 

De la Rue . . . . . . 1*05 

Marid Davy . . . . 1*52 

Hichromate (fresh solution) 2*0 

Plan te secondary .. .. 1*8 to 2*2 

* This is by no means nn apnrojiriate term, as a force is that which 
moves or tends to move matter^ while eUctromoiive farce is that which 
produces or tends to produce a transfer of eUctrifuation, 
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ResiBtance.^ — The student must^ however, remember 
that the strength of the current does not depend merely upon 
the E.M.F. of , the cell or battiery. Another important factor 
has to be brought into consideration, viz. the resistance which 

the current has to overcome both in the cells themselves 
and in the external circuit. The greater the resistance, the 
smaller the current which a given E.M.F. will produce ; 
e.(^. if the cells have a dense porous partition, or if the 
liquids are separated by sand or sawdust (as in the Minotto 
cell), and if the external wires be very long and very thin, the 
strength of the current is small, although the £.M*F. may be 
large. 

Resistance is measured in ohms. An ohm is the redstance 
of a column of mercury, one square millimetre in section and 

1 06 3 centimetres long, at 0° C. To give a definite idea of 
the value of an ohm, we may mention that about 50 yards of 
copper wire, of 20 B.W.G.,' has one ohm resistance. 

Resistance in Wires. — The laws of resistance in wires 
are given by the following formula : — 



where R s resistance, / s length of a wire, a = area of cross 
section, and k = specific resistance. 

They may be expressed in words as follows : — 

(1) The resistance of a conducting wire is directly propor- 
tional to its length. 

(2) The resistance of a conducting wire is inversely propor- 
tional to its cross section. In round wires, it is inversely 
proportional to the square of its diameter. 

(3) The resistance of a conducting wire of given length 
and cross section depends upon the specific resistance of the 
substance of which the whre is made. 

Specific Resistance. — The resistance offered by a cen- 

> The term conductivity " is sometimes used as the ledprocal of the 

resistance ; i.e. C = ^ 

* Birminc^ham wire gauge — the recognised method of measuring the 
fkickness of wires. 
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timetre cube of a substance is called the specific resistance of 
that substance; The following table shows the specific 
resistance of the commoner substances : — 

Metals'^ (expressed in microhms — a microhm being one- 

millioiuh of an ohm)— 

Silver . . 



Copper . • 
Gold » . 
Zinc • • • • 
Platinum 

Soft iron 
Lead 

German silver . . 
Mercury 

liquids (expressed in ohms) — 

Water at 4° C. • • 
Water at 1 1° C. 

Dilute sulphuric acid at iS"" C. (5 % acid) 

»» 7» >> (2^/0 J» ) 

Nitric acid at 18° C. (density 1*32) 



1*609 

. . 2*154 

5.690 

9-158 

9*827 
i9"847 

2I'I70 

96*146 to 9974 



91 X 10® 
3*4 X 10^ 
4*88 

1562 
1*61 



Copper sulphate (saturated solution) at 10° C« 89*3 
Hydhochloric acid 18" C. (so % add) . . 1*34 

Insulators (expressed in megohms — a megohm being one 
million times an ohm) — 



Glass (crystal) below 0° C. 
Glass (crystal) at 105*^ C. 
Shellac at so"* C. 
Paraffin at 46** C 
Ebonite at 46^ C. 
Air (normal pressure) 
Vacuum . . 



practically infinite 
. I*i6 X 10' 
. 9*0 X 10* 
. 3*4 X 10*0 
. 2*8 X lo'^* 
practically infinite 



practically infinite 

Strength of Current is defined as the quantity of 
electricity which flaws across any section of the circuit in one 
second 

' The results are selected, by kind permissiotii from Lupton's Numerical 
TaMes ^ CcnHants, 
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It is measured in amplres^ which is the current given by an 
E.M.F. of one volt through a resistance one ohm. 

If we have a quantity of Q coulombs (see Appendix) flow- 
ing through a drcuit in / seconds, then the strength C (in 
ampbres) during the time is — 




Ohm's Law. — The relation that exists between the 
strength of a current, the electromotive force, and the resist- 
ance was discovered by Ohm, and forms one of the most 
valuable and important laws in electricity. In words it is 
stated as follows : — I%e siren^h of a mrreni varies Hrecdy as 
M dedramotm force and htversdy as iAe resistanee. If suit- 
able units be diosen, it may be expressed by means of an 
equation, thus— 




where Q s current, £ = E.M.F., and R = resistance. 

For example, if we adopt the practical units just mentioned 
(see also Appendix), we may give the law as follows:— 7)^^ 
number of amperes passing through a dremt is equal io the 
number of volts divided by the number of ohms in the drcuU, 

If the whole resistance, R, be divided into the internal 
resistance of the cell, R', and the total external resistance of 
the conductors outside the cell, r, then — 

'""R' + r 

Grouping of GellB. — (a) Simple eircmt. — ^In this arrange- 
ment, the zincs, being connected together, form, as it were, one 

large zinc plate ; similarly the coppers (in a Daniell's battery) 
form one large copper plate. Now, Volta demonstrated that 
the difference of potential between two metals did not depend 
upon their size, but merely upon the kind of metal employed. 
Whence, in simple circuit the difference of potential is the 
same as that of a simple cell. The resistance, however, of n 

cells is - that of one cell, because the sectional area of the 
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column of liquid traversed is n times that of one cell Whence 
for this anangement with n cells, Ohm's law becomes— 

— Vr 
n 

(1) If, therefor^ ihe external resistance becomes very smail^ 
so that r becomes practically zero, we have — 

/>. the current is ;/ times that of one cell. 

(2) If the external resistance becomes very large, so that 
R' is very small in comparison with nr, we have— 

^ ^ «E _ E 

le, tfie cmrent is the same as that of one cell 

{p) Compound eirmit, or «'iVf serm,** When similar cells 
axe arranged "in series," the difference of potential, or as we 
may call it, the E.M.F., of n cells is n times that of one 
cell. 

I^t us consider two Daniell's cells, A and B. 

There is a certain difference of potential between the zinc 
and the copper of A, and an equal diflference between the zinc 
and the copper of B, but when the zinc of A and the copper 
of B are joined, their potentials are equalised; whence the 
difoence of potential between two cells airanged '*in series" 
is twice that of one. 

The resistance, however, of n celb is n times that of one, 
since the length of the liquid traversed is n times that of one 
cell Ohm's law, therefore, becomes, with n cells arranged 
in compound circuit — 

(1) If the external resistance, r, is very large compared with 

nK', this equation becomes C = — ; t\e. the current is n times 

that of one cell 

(2) If the external resistance is 2fery small compared with 
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R', we have C = ^# = ^/ ; i.^. the current is the same as that 
of one cell 

We thus learn, that if we wish to obtain a cutrent strength 
directly proportional to the number of cells, we must use the 
tompaund dnmt airangement when we Lave a large external 
resistance, and the simpU circuit y»\3iesk. we have a small external 

resistance. 

We will now give the results of a particular experiment, 
which proves that the current in a circuit of large external 
resistance is increased in direct proportion to the number 
of cells arranged in series." 

Szp. 140. Fit up the anangement shown in Fig. 176, in which G 
represents an astatic galvanometer ; S, a shunt of 32 B.W.G. wire; R, a 

resistance of iibout 1000 ohms ; B, a 
battery ; K, a key. Alter the shunt 
until a suitable deflection with one 

cell is obtained. In a particular ex- 

0 perimcnt when K was depressed, a 
deflection was obtained of 5*5^ 
Two cells were then substituted, and 
on again dej^ressing K the deflection 
was about 1 1 '5°; while for three cells 
it was 17*. These numbers are nearly proportional to the number of cells. 

(y) Mixed circuit 2.^ shown in Fig. 173. Suppose we have 
n rows of m cells arranged in compound circuit 

Each row of m cells will have an E.M.F. of and a 
resistance of mBl. 

But there are n rows arranged in simple circuit, so that 

the internal resistance will be - of one row ; 1.^. - of w R' 

=^ —j^^ whence, the current strength — 

C ifwE (iii.) 

n 

Best Grouping of Cells. — We will now prove that, with 
a given external resistance, the maximum current with my, n 
cells is obtained when the external resistance (r) is equal to 

mR,' 

the internaKresistance 

n 
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Usmg equation (iii.), we.haveC = 
From which we obtain, C = 



nr 

mn'E 



Again, (VSr' — V nrf^ being a square, must of necessity 
ht positwe, and cannot therefore be less than zero. 

Now, when (v'wR' - Jnrf has its least value, it is clear 
that the fraction has its greatest value, because mn^ R', and 
r injtlie last term are given, whence C is a maximum when 

{^mB! — V«r)* = o; when = sjnr; from which we 
obtain — 

• r = 

n 

Divided CinmitB.— If a circuit divides into branches at 
A (Fig. 1 7 7), and unites again 
at B, the current will also be 

divided, so that a certain 
portion flows along each 
branch. Let the potential 
at the points A and B be V 
and Vi respectively; then 
the difference of potential, 
V-Vj,, may be considered 
as the E.M.F., between A ^ 
and B, and may, therefore^ be called £. 

Let C be the total current, and C3, etc., the 

currents in the wires whose redstances are ri, rjj, r,, etc, 
respectively. 

By Ohm's law Q = ^; Q = f ; etc. 

Whence E = C^r, = C^^ = Qr, = etc 

#^ i? _ Ci c, c, 

1.^. 1!<=Y = "^ = ^ = etc 

n n K 

Now, by algebra, each of these terms i 

_ Q + C, + C;, ^ etc. 

I r I 
- -I 1 h etc 
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But the total current (C) is clearly the sum of the cuizents 
(C| + Cs + Ct + etc.) in the various branches, whence — 

C 



I , I , I 

r + r + r + etc 



Now suppose, that the wires in these branches are re])laced 
by one wire of resistance K, so that the current is unaltered ; 
then R is called the equivalent resistance^ and — 



E=2 

1 



Whence we have, for the resistance of any divided current, 



F = 7 + 7+7 + etc. 
K rj r. 



where R is the equivalent resistance, and etc., the 

branch resistances. 

The case of a current dividing 
into two branches at A, and uniting 
at B, deserves special attention. 
Suppose the whole or equivalent 
. resistance is R, and the resistance 
in the two branches is r and we 
have from the last equation — 

i. = I J. 1 = ^ + ^1 




Fig. 178* 



.•.R = 



i.e. ///< w/iok resisiajicc of a condnctor divided into two branches 
is eqtml to t/ie product 0/ the separaic resistances divided by their 
sum. 

Again, because E = = C»r„ we have — 

i.e. the strength of the currents in the two brandus ts inversely 
proportional to thtir resistatues. Thus if the resistance (rj of 
one branch is 3 ohms, and that (r,) of the other is 4 ohms, 
The current in : cfurrent in : : 4 : 3 
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81iimts. — If a sensitive galvajaometer be used to compare, 
or measure, the strength of <^pmts, even if it is not injured, 
the deflection of the needle will be too 
great to give accurate results. To obviate 
this difficulty, the galvanometer must be 
used ydth 9, skunt (Fig. 179), />/a piece, 
or coil, of wire fastened to the terminals fw^Ijo^ 
of the galvanometer. By this means a 
portion of the current flows through the shunt, and the re- 
maining portion throuu^h the galvanometer. 

We will now consider what the relative resistances of the 
galvanometer and shunt must be, in order that any particular 
fraction of the whole current may pass through the galvano- 
meter. We have just learnt (p. 208) that the current strength 
in two branches is inversely proportional to their resistances, 
so that, if C be the total current, Co the current in the 
galvanometer, the current in the shunt, G the resistance 
of the galvanometer, and S the resistance of the shunt, then — 

^_ ? 

but Co + Cg = C 
whence equation (i.) becomes Co = g _jl q • C 

and „ (ii.) = g _|_ • C 

Thus, if we wish to make ^ of the total current pass 

S 

through the galvanometer, then g ;;;|_"q = iV 

i.e. S = JG 

Similarly, if we wish or j^^j^o the current to pass 
through the galvanometer, then the resistance of the shunt 
must 1)0 ^^Tf or 7).5 jy respectively of the galvanometer resistance. 

Effect of shunting a Galvanometer.— It must be 

p 
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remembered that the effect produced by the shunt will depend 
upon the resistance in circuity aad may vary within wide limits. 
Let us consider two extreme cases : (i) when the resistance in 
the circuit is very small, and (2) when it is very large, compared 
with that of the shunted galvanometer. 

(x) Suppose the galvanometer is connected directly to a 
cell of low internal resistance, and a shunt is inserted having 
J of the resistance of the galvanometer. Then the joint 
resistance will be Vo- of the former value, and as that was 
practically the only resistance in the circuit, the effect of re- 
ducing it to will be to increase tlie total current to ten times 
its original amount, and it will be of ihis increased current 
wliich passes through the galvanometer, and so the deflection 
will be but little affected by using the shunt Thus, when the 
resistance of the shunted galvanometer, ue, the vadue of the 
SG 

fraction is large compared with the rest of the circuit, 

the current passing through it will be practically the same 
whether shunted or not. 

(2) If the resistance in the circuit is very large compared 
with that of the galvanometer, introducing a shunt will only 
slightly affect the total resistance, and consequently the total 
current will be only slightly increased. In such a case the 
introduction of a ^ or ^ shunt may reduce the current passing 
through the galvanometer to nearly or of its original 
value. For intermediate cases the current passing through 
the galvanometer will not be reduced so much. 

Instruments are used in practice in which the insertion of 
a shunt throws automatically into the circuit exactly the addi- 
tional resistance required to keep the total resistance at a con- 
stant value, and therefore to keep the main current constant 

EirchhofTs Laws. — (i) In any branching network of wires 
the algebraical sum of the currents in all the wires meetmg at 
a point in zero. 

The term algebraicdl sum means that if the currents are 
flowing /r^m the point they are taken with a neptive sign, and 
those flowing to the point with a positive sign, or via versL 
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(a) When there aie several £. M.F.'s acting at different points 
of the circtti^ the total KM.F. in the circuit is equal to the 
algebraic sum of the products of the current strengths and the 
resistances of the separate parts. 

In this law, too, the currents flowing in one direction are to 

be taken with a positive sign and those in the other direction 
with a negative sign, and the E.M.F.'s are to be taken as 
positive or negative according as they assist or oppose those 
taken as positive. 

Exercise XVIL 

1. Describe a Grove's voltaic cell, explaining in particalar the use of the 
nitric add. 

2. Describe and explain the action of a Ledanch^ and of a bichromate 
cell. 

3. What is the resistance of a column of mercury 2 metres long and "6 
of a square millimetre in cross section at C. ? 

4. Whnt length of copper wire, having a diameter of 3 niillimetres, has 
the same resistance as 10 metres of copper wire, having a diameter of 
2 millimetres ? 

5. If the resistance of a yard of iron wire, '03 inch in diameter, be '197 
ohms, what is the resistance of 15 miles of iron wire, '3 inch in diameter? 

6. What must be the thickness of copper wire which, taking equal 
lengths, gives the same resistance as iron wire 6 5 millimetres in diameter, 
the specific resistance of iron bemg six times that <^ copper ? 

7. If the resistance at o°C. of an iron wire i foot long and weighing 
I grain be I '08 ohms, hnd the resistance at C. of I mile of iron wire 
weighing 300 lbs. 

8. A piece of copper wire 100 yards long weighs i lb. ; another piece 
of copper wire 500 yards long weighs \ lb. Show what are the relative 
resistances of the two wires. 

9. Two exactly equal pieces of copper are drawn into wire ; one into 
a wire 10 feet long, and the other into a wire 20 feet long. If the resist- 
ance of the shorter wure is 0*5 ohm, what is the resistance of the longer 
wire? 

10. Two copper wires, one of which is 4 me! res long and weighs 7*5 
grammes, and die other ^ metres long and weighs 4 2 grammes, are jomed 
in multiple arc " (that is, so that both wires connect the same two points) 
in a circuit in which a current of total strength 8*09 (ampt res) is passing. 
The current will divide so that part passes through each wire ; what will 
be dMS strength of the current conveyed by each ? 

11. Two wires are joined in simple circuit, their resistances being lO 
and 20 ohms : find the resistance of the conductor thus formed. 

12. Three wires are joined in simple circuit, their resistances being 40, 
15, and 55 ohms : find the resultant resistance. 

13. The resistance between two points A and B of a circuit is 3D ohms, 
but on ad ling a wire between A and V> the resistance becomes 20 ohms. 
What is the resistance of the added wire ? 

14 An astatic galvanometer of 1000 ohms resistance is shunted with a 
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shunt of I ohm resistance. Find the resistance of the shunted galva* 

nometer. 

15. State the relation between the E.M.F. of a battery, the resistance 
of a circuit, and the strength of the current produced. The E.M.F. of a 

battery being 12, and its resistance 8, find the strength of the current 
generated by it when its poles are connected (i) by a wire whose resistance 
is 16, and (2) by a wire whose resistance is 40. 

16. Ten voltaic cells, each of internal resistance 3 and E.M.F. 4, are 

connecter! — 

{a) in a single series ; 

(^) in two series of five each, the similar ends of each scries being con- 
nected together. 

If the terminals are in each case connected by a wire <rf resistance 20, 
show what is the strength of the current in each case. 

17. You have two voltaic cells each having a resistance of 3 units 
(ohms) and an E.M.F. of I'l unit (volt). Show what is the strength of the 
current which would be produced in a wire of resistance 9*5 units (<^ms)— 

(i.) By one of the cells alone. 

(ii.) By both cells connected in series. 

(iii. ) By both cells connected abreast. 

18. The terminals of a battery of five Grove's cells, the total E.M.F. 
of which is 9 volts, are connected by three wires, the resistance of each 
of which is p ohms. The current through each wire is | of an ampere. 
What is the mternal resistance of each cell ? 

19. Five cells are arranged in series, with a line of 100 ohms resistance. 
The resistance of each cell being 7*3 ohms, and its E.M.F. being 1*5 volt, 
iind the current strength. 

20. A metal ball, connected by a fine wire with the copper terminal of 
a battery of 120 equsd cells in series, the zinc terminal of which is coruu cied 
to earth, acquires a charge of 100. Show what charge the ball will acquire 
if the twenty-fifth, sixty-first, or ninety-first zinc plate, always counting 
Drom the zinc end of the battery, be connected to earth. 

21. Two points in the circuit of a voltaic battery are connected by two 
long covered wires arranged in multiple arc (that is, each wire would com- 
plete the circuit by itself if the other were removed). The resistances of 
the wires are in the proportion of 3 to 4. The one is now bent into a 
zigEag, the other is wrapped in a continuous coil round a soft iron core. 
Show in what proportion the battery current is divided between the wires 
(i) when the battery contact is made continuously, (2) when it is made 
momentarily. 

22. You have a battery of 12 dmilar cells connected in series; 

each has an E.M.F. force = i*i, and an internal resistance = 3. If the 
poles of the battery are connected by a wire whose resistance = 240, what 
will be the streii^th of the current ? What will be the effect on the strength 
of the current ofremoving from the battery three of die cells, and replacing 
them with their poles inverted ? 

23. Two cells, A and B (E.M.F. and intemal resistance of each are 
1 volt and i ohm respectively), are arranged in scries. The positive and 
native poles of this battery are connected with the positive and negative 
poles respectively of a third cell, C, exactly like A and B, the connecting 
wires having negligible resistance. What is the current in the circuit, and 
what is the potentud difference between the positive and the negative poles 
of the cell C ? 

24. Find the best arrangements of 24 cells having an external resistance 
of 3 ohms, and each cell having an intemal resistance of 2 ohms. 
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CHAPTER XVI. 

THERMAL AND MAGNETIC EFFECTS OF THE CURRENT 

Sip. 141. Pass a current from a 3- or 4-cell Grove's battery through a 
moderately thick copper wire, and notice that no appreciable heat is 

produced. 

Exp. 142. Now, pass the current throuirh a few inches of thin platinum 
wire, and notice that the wire speedily becomes red-hot, and then, if the 
length be not too great, white-hot Very Uun platinum wire is frequently 
fused by a strong current. 

We thus learn that, with the same current, an increase of 

resistance produces an increase of temperature. 

That the rise in temperature in a wire depends upon its 
resistance may also be proved by the following experiment, 
which has a pretty effect in a darkened room. 

Exp. 143. Make a chain of alternate links of platinum and silver wire 
(No. 32 B.W.G.) by cuttinir the wire into inch lenjjths, and then bending 
them ioto loops. Pass a current from a 5-ccil Grove's battery through the 
chain. Notice that the platinum links become white-hott while the silver 
links remain comparatively cool* 

This result, however, does not depend only upon the 

difference in the resisting powers of the two metals, but also 
upon what is known as their capacity for heat. Although the 
specific resistance of platinum is nearly six times that of silver, 
its capacity for heat is about half as great ; so that the increase 
in temperature will be nearly twelve times as great in platinum 
as in silver, if the length, thickness, and current strength 
remain constant* 

Joule's Law. — ^The development of heat by the electric 
current has been investigated by Joule and Lenz by means of 
an /ippanitus called the galvano-thermometer, similar in prin* 
ciple to that shown in Fig. 180. A wide-mouthed bottle is 
inverted and fixed, with its stopper in a wooden box. 
Holes are Ijred in the stopper to admit two stout platinum 

■ Digitized by Google 



214 



Voltaic Electricity 




FiG. s8a. 



wiresi connected with binding-screwsi ss. The liee ends are 
fitted with platinum cones, to which the wires to be experi- 
mented upon are fixed. The 
vessel contains alcohol, the tem- 
perature of which is ascertained 
by means of the thermometer 
when a current, whose strength is 
measured by a galvanometer, passes 
through the wire (whose resistance 
is known) for a certain time. By 
comparing the results of numerous 
experiments, the following law, 
called Joule's Law^ was estab- 
lished : — 

The number of units of heat 
produced in a ivire varies as (i) its 
resistance^ (2) the square of the 
strmgth of the current, and (3) the time the current flows. 

A unit of heat is the amount of heat required to raise i 
gramme of water from o** C. to i*' C From the Science of 
Heat we learn, that a kilogramme of water falling through 
424 metres will have its temperature raised i** C. Now, 424 
metres = 42,400 centimetres, and i kilogramme « 1000 
grammes, 

the mechanical equivalent of heat = 42,400,000 ergs. 

This is knoA\ n as Joule s equivalent (J), and is expressed - 
as 4'24 X 10' ergs. 

The law given above may be obtained by the following 
calculation : — If E be the difference of potential between the 
two ends of a wire, then the work done in moving Q units of 
electricity from one end to the other is 

W = QE 
but Q = C/ (p. 204) 

w = CE/ 

but, we know from Ohm's law that E = CR 

whence W = CR/ (i.) 

Again, if J - Joule's equivalent, and H = the number of 
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units of heat, as defined above, developed in / seconds, 
then — 

W = JH (ii.) 
/. we have, from equations (i.) and (iu), JH = C-R/ 

whence H = 

but C and R are in C.G.& units, so that C must be multiplied 
by zo""^ to bring it to ampbres, and K by 10* to bring it to 
volts (see Appendix). 

_ C* X R X / X 10-* X IP* CIU 
" 4. 2 X 10' 4. a 

= C?R/ X 24 

Many practical uses are made of the heating effects of a 
current. For example, surgeons use a thin platinum wire, 
made white-hot, for cauterising, and for amputating the tongue 
for cancer. Blasting in mines and firing of torpedoes are 
frequently performed by this agency. For this purpose^ thick 
wffes connect a battery with a' fuze» which is made by sur- 
rounding a combustible substance with a thin platinum wire. 
Welding by electricity is another important application of the 
heating effect of a current. This consists in passing a strong 
current through the junction of two pieces of metal until they 
become white-hot, and then completing the process by ham- 
mering. 

Closely allied to the heating effect is the luminous effect, 
which has been developed and utilised for lighting purposes. 

The Voltaic Arc. — When two pencils of carbon are con- 
nected with the terminals of a Grove's battery (an RM.F. 
of 40 to 50 volts being necessary) or any powerful generator 
of current electricity, such as a dynamo-electrical machine 
worked by a steam engine, and the points of the pencils first 
brought in contact, and then separated by about one-eighth 
of an inch, a luminous arc of extreme brilliancy is produced 
between them. 

The voltaic arc is produced as follows : (i) When the 
carbons are in contact, the current meets with great resistance 
at the points, and therefore makes them white-hot ; (2) when 
they are removed a short distance apart, the air between them 
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is heated, and white-hot partides pass 
from the positive to the negative pole. 
This causes the positive pole to be- 
come hollow and the negative pole* 
pointed, as shown in Fig. i8i. 

The carbons are consumed during 
the working, the consumption of the 
positive pole being about twice that 
of the negative pole. If, therefore, 
they are fixed, the length of the arc 
will gradually increase, until the light 
will first become unsteady, and finally 
^^o out In order that the proper 
length of the arc may be kept constant, 
it is therefore necessary that the car- 
bons should be made to approach 
automatically. 

Browning's Regulator. 
—Many ingenious contri- 
vances have been employed 
for this purpose. The sim- 
plest of these, although not 
used in practice, is known as 
Browning's regulator (Fig. 
183). In this lamp the lowor 
carbon, which is the negative 
one, is fixed ; but it can be 
placed in position by turning 
the screw A, which, acting on 
the lever £, raises or lowers 
the carbon. The upper car- 
bon is held in a brass tube, C, 
which slides freely up and 
down another tube until it 
rests on the lower carbon. If a 
current be now passed through 
the carbons in this position, 
no light is produced, but on 
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slightly separating them, a brilliant light is at once emitted. 
The regulator now continues to work, owing to the fact that a 
lever, one end of which, E, being the armature of an electro- 
magnet f , has at the other end a dutchy D, which, when the 
current passes round the electro-magnet, presses upon the 
sliding tube C, and so prevents the descent of the carbon. 
When, however, the carbons ate consumed, the interval be- 
tween them becomes too great for the current to pass; the 
magnet, therefore, loses some of its power, so that the clutch 
presses less tightly, and the carbon descends by its own 
weight. When the distance between the points is diminished 
sufficiently, the current is again established, and so on. 

Principle of the Brush Arc Lamp. — In almost all 
practical forms of arc lamps the lower carbon is fixed, and the 
upper one moves downwards by its own weight, its fall being 
checked by either a clutch, solenoid, or clock-work controlled 
by an electro-magnet The Brush lamp, which is used very 
extensively at the present time, is a ^ dutch" lamp, and is a 
type of a nnmber of other lamps working on the same princi- 
ple. The upper holder moves 
through a circular collar, C 
(Fig. 183), through which it 
slides easily when the collar 
is horizontal. The regulating 
magnet is wound with two 
coils, one of which consists of 
a few turns of thick wire, M, 
to convey the main current; 
while the other, % is wound 
in the opposite direction, and 
is a coil of high resistance — 
put in as a shunt When 
the carbons get too close to- 
gether, most of the current 
goes through the thick wire, 
and the magnet is therefore sucked upwards into the coiL The 
collar is thus tilted sufficiently, as shown in the side figure, to 
cause it to press tightly on the holder, and thus raise it When, 




Fig. 183. 
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however, the carbons are too &r apart, more of the cuirent 
passes through the shunt^ and as it is wound in a direction 
opposite to that in the main coil, it partly neutralises its action, 

so that the core falls, thus allowing the carbon holder to slip 

through the clutch ring. 

Jablochkofif Candle.— To 
avoid the use of a regulator, elec- 
tric candles have been devised, of 
Nvhich the best known is the Jab- 
lochkoff candle, although this is 
now practically obsolete. It con- 
sists of two parallel pencils of gas 
carbon (Fig. 184, a b)^ separated 
by a thin layer of kaolin or china 
clay, and fixed in an upright sup- 
port, to which the terminals A 
and B are connected. The arc 
is started by a small piece of 
carbon being placed across the 
top, the heat developed being 
sufficient to cause the kaolin to 
waste away. We have mentioned 
that the positive electrode con- 
sumes twice as fast as the nega- 
tive one, so that it is necessary 
to use rapidly alternating currents 
in order that there may be equal 
consumption of both rods. 
Incandescent Lamps. — When an infusible substance has 
its temperature raised until it becomes white-hot, it is said to be 
incandescent Metals are of little value for high temperatures, 
as they fuse too readily. In fact, carbon is the only substance 
that is practically infusible. As, however, carbon bums in contact 
with air, it is necessary to place it in a glass globe, which is first 
exhausted of air by means of a Sprengel's mercury pump, and 
then hermetically sealed. Another valuable property of carbon 
is that its resistance decreases as its temperature increases. 
In practice, therefore, the iilament always consists of a 
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thread of carbon, which is prepared in many ways ; e.g. Edison 
uses a strip of carbonised bamboo \ Swan prepares the filament 
by immersing cotton in sulphuric acid, thoroughly washing, 
and then raising it to a high temperature 
in a dosed vessel to carbonise it. Fig. 
185 represents a Swan lamp^ which is 
merely one of the numerous forms of in- 
candescent lamps. The resbtance of 
these lamps varies from 3 to 200 ohms, 
depending, of course, upon the thickness 
and the length of the carbon filament 
The strength of current necessary to raise 
them to a white heat varies from i to 
1*3 ampbre. When a number of lamps 
are used they are arranged in multiple 
arc,^ ue. the lamps are joined across two 
stout copper wires, as shown in Fig. 186, 
which are connected with the two ter- 
minals of a dynamo. 

Iff agnetie Sflbots of the Carrent~We have learnt that 
if a wire, through which a current is flowing, be brought above 




Fig* X85. 




Fig. 186. 

a magnetic needle, the latter is deflected so that it tends to set 
itself at right angles to the magnetic meridian. We shall now 

discuss the action of the current on the needle more fully. 

Oersted's Experiment. — The apparatus required for 
this experiment may easily be made as follows : — 

(1) Plane two pieces of wood (8" x 2" x J") to serve as 
uprights, and then fasten two binding-screws, A B and C B 
(Fig. 187), into each. 

(2) Fasten these to a wooden base (12" x 5" X 2") either 
by mortising them half through, or by merely gluing rectangular 

* There is one exception to tbis role in what is known as the Bemstein 
system. 
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blocks of wood in the angles between the base and the up- 
rights. 

(3) Procure two pieces of stout copper wire and make 

them into the shapes 
shown in the figure. 

(4) Place a mag- 
netic needle on a pivot 
fixed to the middle of 
the base^ and of such 
a height that the needle 
lies midway between 
the wires. 

Fic. 187. Exp. 144, Place the ap- 

paratus so that the wires 
are parallel to the needle, and now (i) attach the wires from the terminals 

of a cell to the binding-screws, A C. Tlie current now passes ahme the 
needle. Observe that the needle is (Icflected in the direction ji^ivcn in the 
following table. (2) Attach tiie wires to the binding-screws, B D ; the 
current now passes bekw the needle. Observe the direction of deflection. 




PositioD of wire. 


Directioa of current. 


Direction of deficctioo of 
N-seekiag pole. 


Above the needle. 


N. to S. 


E. 


If 


S. to N. 


W. 


Below the needle. 


N. toS. 


w. 


•» 


S. to N. 





Ampere's Role. — Ampbre gave the following useful rule 
by which the direction taken by the N-seeking pole of a 




Pig. 18& 



magnet when under the influence of a current can be easily 
ascertained ' 
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Let the observer imagine thai he is swimming in the wire in the 
direction of the current with his face turned towards Mr mofffctt 
then the N-se eking pole will turn in the direction of his left hand 

When applying this rule, consider the motion of the N-seek- 
ing pole only f not the direction of the needle as a whole. 

Xxp. 146. Hold the wire conveying the current near the needle in any 
position (Fig. iS8), and observe that Ampere s rule can be applied for ail 
positions of the wire. 

Gnrrent in the Cell.— Exp, 146. Lift the box, containing a 

5-cell Grove's battery, which has its terminals connected hy means of a wire 
lient so that it has no apj^reciable cfTcct on the needle, aliove a hori/nntnlly 
buspended magnetic needle. Observe that (i) when the platinum end of 
the battery lies towards the north, the needle is deflected so that the N- 
seeking pole turns towards the west ; (2) when the zinc end of the battery 
lies towards the north, the N -seeking pole of the needle is deflected 
towards the east 

This experiment conclusively proves that the current is 
moving in the battery itself from the zinc to the platinum. 
Multiplying Effect of Cnrrents. — Returning now to 

the action of the galvanoscope, the student will easily perceive 
from Experiment 145 that the effect of the current on tlie 
needle is moterially increased by winding the wire round the 
needle, for the currents in the wires above, below, and at the ends 
assist each other in deflecting the N-seeking pole in the same 
direction. 

If, instead of using an ordinary magnetic needle, we use 
an astatic pair^ having the wire coiled round one of the needles, 
we shall be able to obtain a deflection 
by very weak currents. For (i) the 

earth's directive influence is counter- 
acted (see p. 69), and (2) tlie current 
acts on both needles. Fig. 1S9 will 
enable the student to understand tlie 
effect of the current on the needles — 
(i) The currents along ni //, // 0^ 
0 /, and / acting on the needle a 
will cause the N-seeking pole a to 
pass through the plane of the paper, 
and will, therefore, cause the pole b to come out from the plane 
of the paper. 
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(2) The currents along n 0 and / q need only be considered 
on the needle a' b\ They tend to deflect the needle in 
opposite directions, but the current along ;i ^7 is nearer a' b' 
than that along pq^ and, therefore, the former has a greater 
effect than the latter. Now, the current in no causes the 
N-seeking pole a' to come out from the plane of the paper, 
ie. the currents will 'urge both needles to move in the same 
direction. ^ 

Astatic Galvanometer or Multiplier (Fig. 190) is an 
instrument adapted for measuring very feeble currents, and 
consists of an astatic pair, hung by a fibre of raw silk, from a 




Fir.. 190. 



small hook, so that the lower needle lies within a coil of many 
turns of wire wound on a wooden frame. The silk fibre is con- 
nected at the top with a screw, so that the needles may be raised 
or lowered. A graduated circle, C, lies above the coil, and is 
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provided with central slit cut parallel to the wires in the coil. 
The base of the instrument, P, is supported on three levelling- 
screws, and the delicate parts of the instrument arc covered 
by a glass shade, which protects them from damp, dust, and 
draughts. 

To use the instrument the frame canying the coil is first 
placed parallel to the needles. Wires firom the cell are then 
attached to the binding-screws, 1 ^, in which the ends of the 
coil terminate. 

The strength of two currents can be compared by reading 
the deflections of the needle, provided however that they are 
sma/l (not greater than 10° to 15^), for/// ^/le case of small 
angles the strcn^^th of a current is proportional to the a^ii^^le of 
deflection; Le. if a current deflect the needle through 8° it has 
twice the strength of one which deflects it through 4°. 

If the deflection is greater than 15^, the strength of two 
currents can only be compared if the galvanometer has pre- 
viously been calibrated, ue. if the relative values of the deflec- 
tion have been found by actual experiment, or by comparison 
with a standard instrument 

Magnetic Field of a Wire conveying a Current* — 
S^. 147. Join the poles of a 5-ceU Grove's battery by means of copper 
wire. Immerse the middle of the wire in iron filings, and on withdrawal 
notice that they cluster round the wire. On breaking contact, the filings 
falL 

The wire through which a current is flowing is, therefore, a 
magnet. 

Exp. 148. Pass a copper wire vertically 
through a hole in a sheet of cardboard 
(Fig. 191). Connect the ends with a 
^-cdl Grove*s battery. While the current 
IS flowing, shake iron filings from a muslin 
bag upon the cardboard, and at the same 
time tap it gently. Observe that the filings 
arrange themsdves in concentric circles 
round the wire. 

Let us examine the circular ar- 
rangement of the magnetic lines of 
force due to the current passing thfvugh the 7vire, 

Suppose the wire, through which a current is passing, to 
enter in through the plane of the paper at A (Fig. 192). Under 
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the inductive influence of the wire the filings become small 
magnets, and they, therefore, tend to place themselves so that 
their axes are tangents to circles of which the 
wire fonns the common centre. 

According to Ampere's rule, if the observer 
imagines himself swimming with the current, he 
would pass through the plane of the paper head 
foremost ; if therefore he looks at the filing N S 
(Fig. 192), the N-seeking pole will turn towards 
his left hand, i.e, the N-seeking pole has a ten- 
dency to move round the wire in a clockwise direction ; while 
the S-seeking pole has a tendency to move in a counter-clock- 
wise direction. 

If the current flows in the opposite direction, the motions 
would be exactly reversed. 

It therefore appears, that if we could obtain a free N-seek- 
ing pole (which is experimentally impossible) it ought to 

revolve round and round a 
current ; but as the N-seek- 
ing pole is necessarily at- 
tached to an S seeking pole 
— which is impressed in an 
opposite direction — the axis 
between them merely sets 
itself as a tangent to the 
circular direction of the cur- 
rent's magnetic field. 

Botation of Magnet 
Pole round a Cnrrent — 

We have just mentioned that 
it is impossible to obtain a 

magnet with one pole, but 
we can sliow the rotation of 
a pole round a current by 
bending a mngnet as shown 
in Fig. 193, and then passing 
* a curren t along half tli e m ag- 

nett carrying it away at the middle. Faraday performed the 
experiment by means of a similar apparatus. 
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Exp. 149. A magnet, A, is bent, and then suspended on a finely- 
pointed wire, the current being brought by a wire, C, to a mercury cup, D, 
supported on the magnet, and carried away by a bent wire which dips into 
an annular cup of mercury, B. The other end of the battery wire is at- 
tached to the binding-screw in B, which is in metallic connection with the 
mercury. The current from six Grove's or bichromate cells, ananfred 
in series, will cause the magnet pole to rotate. If the current pa^es 
dmim the wire, as shown in 
the diagram, and the upper- 
most pole be N-seekins, it 
moves in a dock-wise direo* 
tion. If the current passes 
»p the wire, the direction of 
rotation is reversed. 




Magnetic Field 
due to a Current in 
Cironlar Wire — Exp. 

160. Pass the two ends of a 
piece of stout copper wire 
through two holes (about ten 
inches apart) in a piece of 
cardhoartl. Make the wire 
into circular form (Fig. 194), 
one half being above, and Fig. 194. 

the other half b^low the card- 
board. Iknd the free ends, as shown in the diagram, and connect them 
with the terminals of a 5 cell Grove's battery. 
\Vhile the current is flowing through the wire, 
scatter iron filings over the paper. From this 
graphic representation, observe (i) that the liiu s 
of force are circular near the wires, (2) that at 
the centre, they are normal to the plane of the 
circle. 

This is an important result in studying 
the tangent galvanometer (see p. 245). 

Magnetisation by Current. — As 
already indicated on p. i8, an iron bar is 
magnetised when it is inserted into a coil 
thfough which a current is passing. We 
must now treat this subject more fully. 

Spirals or HeUces. — Helices are of 
two kinds: (i) right-handed, (2) left- 
handed. 

£xp. 151. Take a piece of wire and place one 
end of it on the front of a vertical pencil. Hold it 

securely in this position with the thumb of the " pio. 195. 

left hand, and with the other hand nend it to the 

rightf so as to wind upwards. Tiiis forms a right-handed helix (Fig. I95i A) . 
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Again, holding the pencil and the wire as before, bend towards llie left 
and wind upwaids. Tms forms a it/t-hamUd /uiix (Fig. 195, B). 

Observe that these spirals are like gloves— one is always 

right-handed and the other left-handed, unless, indeed, they 
are turned inside out. 

An ordinary corkscrew is a right-handed spiral, and we can 
easily imagine the action by which the end of a corkscrew is 

driven into a cork. This is an excellent 
method of ascertaining the kind of spiral 
we are dealing with. 

It is often necessary to ^ra«r a certain 
kind of spiral The best method of 
doing this is as follows : — With a pen or 
pencil draw a thick curved line from right 
to left with the concave side upwards, as 
in Fig. 196, A. Continue this drawing, 
making thick lines to represent the front 
of the spiral, and we then have a repre- 
sentation of a right-handed helix. If the 
thick lines are drawn from ie/t to ric^hi^ we 
obtain a left-handed Mix (Fig. 196, B). 
Solenoid. — If a close coil of many 
turns of insulated wire be wound, and then the ends bent along, 
the helix and brought out near the middle, the helix is called 
a solenoid When a current is passed round the coil, the 
solenoid behaves exactly like a magnet, having two poles and 
an equatorial region. It will, therefore, attract and be attracted 
by magnets and other solenoids. It has also a magnetic field, 

generally resembling 

Hj;(22m757r227T7T>O^S that of an ordinnnr 

bar magnet Ihese 
facts are proved by 
the following experi- 
ments : — 



Exp. 152. Solder the 
ends of the wires of a 

FiG. 197. solenoid to a zinc and 

copper plate respectively. 

Pass the plates through a large cork, and then float the apparatus in dilute 



Fig. 196. 
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sulphuric acid. A current passes through the coil in the direction indi- 
cated by the arrows (Fig. 197). Present the S-seeking pole of a magnet 
to the end of the solenoid in which 
the current passes in a dockwise 
direction when the observer looks 
at that end. Notice that repul- 
fiion misues. 

Bq^. 168. Place a solenoid in 
a piece of cardboard, so that its 
axis is in thejplane of the board 
(Fig. 198). This is best done by 
cutting three sides of a rectangle 
in the middle of the board, and 
then passing the free end of the *9S« 
strip through the solenoid. At- 

tadi the free ends of the solenoid to a battery, and then sprinkle iron 

filings over the cardboard, gently tapping it as they fall. Observe that (l) 
the lines of force outiide are similar to those of a bar magnet, and (2) 
inside they lie crowded together in a direction parallel to the length of the 
solenoid. 

Magnetisation of Iron Core.— Exp. IM. Attadi a right- 
handed helix, made of copper wire, either insulated or wound on a glass 
tube, to the wires from a battery, and place a soft iron bar within it. Ob- 
serve, by bringing an nnmagnetised iron lod in contact with the ends, that 
the bar IS magnetised. 

Before testing the polarity of the bar, ascertain by Ampbrc's 
rule the position of the N-seeking pole ; knowing the direc- 
tion of the cunent in any particular wire, imagine yourself 
swimming with the current so as to look at the bar. The 
N-seeking pole lies towards your left hand. Notice that the 
N- and S-seeking poles of the bar are situated at the corre- 
sponding poles of the helix ; i>. the spiral, and the iron inside 
the spiral, are similarly magnetised by the current 

Bi^ IW* Prow that ybnr reasoniittr jg correct by testing the polarity 
of the bar by means of a magnetic needle. 

Electro-magnets. — Whenever a bar of soft iron — either 
straight or horseshoe-shaped — is inserted in a helix round 
which a current is flowing, the bar becomes strongly magne- 
tised, and the combination is called an electro-magnet 

Such combinations form, with proper precautions, temporary 
magnets of very great power in comparison with the best 
permanent magnets. 

The following are the principal laws concerning electro- 
magnets : — 

(i) The strength of an dectro-magnet is propcrtbnai tit the 
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strength ofthecurrmt The law is only true if the curreat is 
not very strong, and if the coil is only slightly magnetised. 

(2) The strength of an electro-magnet is proportional to the 

fiumber of turns of wire in the coil. This law is true only when 
(i) the core is far from being saturated, and (2) when the current 
is constant ; for by adding more turns we, of course, increase 
the resistance in the wire, and therefore lessen the current 
strength. 

These two laws are often given : The strength of an electro- 
magnet is proportional to the amfkre4ums» In equational fonn 
they may be expressed as follows : — 

m — aCn 

where jmt is the strength of the poles ; C, the current strength ; 
n, the number of turns ; and a, a constant, depending on the 

form, quantity, and quality of the core. 

(3) T/te strength of an electro-rnagnet is independent of the 
material and thickness of the wire forming the spiral. 

(4) Using the same current, the strength of an electro-magnet 
is independent of the diameter of the coils^ provided that the core 
projects beyond the coil, and the diameter of the coil is small 
in comparison to its length. A considerable amount of power, 
however, may be wasted in sending a current through a coil 
of large diameteri on account of the extra resistance, so that 
in practice it is usual to wind the coils as near the core as is 
possible to ensure proper insulation. 

Magnetic Susceptibility and Permeability. — We 
have learnt that, when a piece of iron is placed in a magnetic 
field, it becomes magnetised. The intensity of magnetisation 
may be expressed by two methods — 

{a) in terms of the strength of the poles ; 

(b) in terms of magnetic induction, 

Coeffioient of Magnetisation, or SoBoeptibility.— 
We have shown (p^ 44) that if a magnet has a strength of 
each pole m , and an area of cross-section a^ the intensity of 
magnetisation 

_ magnetic moment _ m 
" volume a 
Suppose, however, that this intensity is produced in a piece 
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of soft iron lying along the lines of force in a magnetic field 
of intensity H,^ we then have the relation between the magne^ 
tising force H, and the intensity of magnetisation I, expressed 
by a €0^§ent 0/ magnetisatieH^ or susceptibiUty^ k; thus— 

. a= — : i>. I = ife. H 

Coeffloient of Indnetioiii or Permeability. — We 

know that a wire conveying a current produces, in the air- 
space surrounding it, a magnetic field, and that the lines of 
force round the wire are concentric circles. If a piece of 
iron be placed in the field, many of the lines of force are 
bent out of shape, so that they pass into the iron, i.e. more 
lines of force pass through the space occupied by the iron 
than through the same space occupied by air, and on this 
account iron is said to have a greater permeability than 
air. 

The number of lines of force which pass through a square 
centimetre of cross-section at any point is known as the 

magnetic induction (B) at that point 

The ratio between the magnetising force, H, and the 
magnetic induction, B, is the coefficient of magnetic induction^ or 
ftmuabUiiy^ fi ; t,e, 

fi = or B = H 

Permeability in magnetic circuits (p. 335) corresponds to 
conductivity in electric circuits, and may be understood to mean 
the conductivity of the medium for magnetic lines of force. 
In the case of iron, the value of ft varies with the nature 
of the iron, and also with the value of the magnetising force, 
becoming smaller as the point of saturation is reached. For 
instance, according to Hopkinson's results, when H = 5, for 

* The strength of a magnetic field, or of a magnetising force at Miy 
point, is usually represented by H, which may be defined as numerically 
equal to the number of lines of force due to the field which passes through 
a square centimetre of cross-section at that point, when the space is wholly 
occupied by air or a vacuum. It may be, also, measured by the force on 
a ooK pole placed at that point in a field, for, by definition, unit intensity 
of field is that strength of field which acts upon a nnit pole with a force of 
one dyne. 
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wrought iron, B = 10,000, and /t = 2000 ; but for cast iron, 
with the same magnetising force, B = 4000, and /a = 800. 
When H = aoo, for wrought iron B = 18,000, and (l = 90. 
The value of ft for iron is, therefore, not absolute, and cannot 
be determined unless the value of H is known. 

Magnetic PotentiaL — ^We have dealt so fully with the 
subject of electrical potential, that it is merely necessary to 
point out that the same conception lias been usefully applied 
to magnetism, and that many of the theorems proved for 
electrical potential also hold good, in a slightly different form, 
for magnetic potential. Thus we may define magnetic potential 
at any point as the work which must be done in bringing a unit 
N'Seeking pole from an infinite distance up to that point. If 
there is attraction, ue. if the potential is due to a S-seeking 
pole, then its value must be reckoned negative. 

In the same way, the difference of magnetic potential 
between the two ends of a solenoid may be defined as being 
the work done in moving a unit pole from one end to the 
other along every turn of the coil. 

Ampere's Theory of Magnetism. — From the fact that 
a solenoid acts in every respect like a magnet, Ampbre pro- 
pounded a theory that magnetism is due to current circulation. 
He considered tliat every molecule of a magnet has closed 
currents circulating round it. .Before magnetisation the mole* 
cules, and hence the currents, move irregularly ; during mag- 
netisation they assume parallel directions, and the more perfect 
the magnetisation, the more parallel they become. The separate 

currents, moving round the 

I / f f ( \ various molecules, may be 



from Exp. 152, that when the S-seeking pole of a solenoid is 
looked at, the currents move in the direction of the hands of a 
clock, while at the N-seeking pole, they move in the contrary 
direction. From Fig; 199 we also learn that the currents are 
symmetrical with respect to the whole magnet, but they appear 




considered as equivalent to 
one resultant current flow- 
ing round the whole magnet 
(Fig. 199). We have learnt, 
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to flow in contrary directions when we view the different 
ends. 

Diamagnetism. — Faraday, in 1845, by aid of powerful 
dectro-tnagnets, demonstrated that oil 
bodies are acted on by magnetic influence 
— some being attracted^ others repelled 
When experimenting with solids, he stts* 
pended small bars of various substances, 
///, between the pules (Fig. 200), and he 
found that some of them set themselves 
axially^ i.e. in a line joining the poles. 
These substances were, therefore, attracted 
by the poles of the magnets, and to these 
he gave the name paramagnetic. 
Others, however, were repelled by the 
poles of the magnet into a position at right angles to the line 
joming the poles, i.e. equatoriallyy and to these he gave the 
name diamagnetic. 

When liquids, contained in thin glass tubes, were similarly 
suspended, they behaved like solids. Nearly all liquids are 
])aramagnetic, and the tubes, therefore, set themselves axially ; 
a few, however, are diamagnetic — 
notably blood, water, and alcohol — 
and the tubes, therefore, set themselves 
equatorially. The action on liquids 
may be observed in the following man- 
ner with very powerful electro-magnets. 
The liquid is placed in a watch-glass, 
and rests on the poles S, Q (Fig. 201). 
If the liquid is diamagnetic, it is re- 
pelled from the poles and forms a little 
heap between them, A. If it is para- 
magnetic, it rises in a little heap over each pole, B. These 
changes, however, are so exceedingly small that it is very 
difficult to detect their existence. 

In experimenting with gases, Faraday caused it to be 
mixed with a small quantity of a visible gas or vapour, and 
then to ascend between the two poles of the magnet He 
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found that if the gas was paramagnetic, it spread out like a 
flame from an ordinary gas-burner between the poles \ whiles if 
it was diamagnetic, it spread out across them. 

The following table gives the chief substances arranged in 
the two classes : — 



The behaviour of diamagnetic bodies, no doubt, depends 
on the magnetism of the medium surrounding them. Just in 
the same way as a balloon filled with a light gas rises through 
the air^ because the force of gravity attracts the gas less than 
it attracts the atmosphere, so/ if we suspend a paramagnetic 
body in a medium which is more strongly paramagnetic than 
the body, it behaves as though it were diamagnetic Thus, if 
we suspend a weak solution of ferric chloride in air, it is 
paramagnetic ; if it be suspended in a strong solution of the 
same substance, it is diamagnetic 

Magnetic Property of Liquid Oxygen. — A very 
remarkable and interesting experiment has recently been 
performed by Professor Dewar. He placed a vessel, contain- • 
ing oxygen in the liquid form, between the poles of an electro- 
magnet (which happened to be the identical magnet with 
which Faraday first discovered the magnetic properties of 
oxygen gas). Upon exciting the magnet, the liquid oxygen 
sprang upwards, and adhered to the sides of the glass nearest 
the poles, until, owing to evaporation, it gradually disappeared. 



Paramagnetic. 



Diamagnetic. 



Iron. 

Nickel. 

Cobalt. 

Chromium, 

Cerium. 

Platinum. 

Oxygen. 

Many salts an l f)res of 



the above melals. 



Bismuth. 
Phosphoius. 
Antimony. ^ 
Mercury. 

Zinc. 

Lead. 

Copper. 

Silver. 

Gold. 

Sulphur 

Selenium. 

Water. 

AlcohoL 

Air. 

Hydrogen. 
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Exercise XVIII. 

1. Two Grove's cells, alike in all respects except that in one the plates 

nre twice as far apart as in the other, are arranged in series, and the poles 
of the battery so constituted arc vmitcd by a copper wire. The liquid in 
both cells l>ecomcs healed. In which is the rise in temperature the greater, 
and why? 

2. A thick copper wire and a thin copper wire, of such lengths as to 
have the same resistances, are joined end to end and used to connect the 
terminals of a battery, so that the same current flows through them both. 
Explain why the thin wire becomes hotter than the thick one. 

■ 3. The poles of a cell arc joined by two wires similar in all respects, 
except that one is longer than the other. In which is the greatest amount 
of heat produced, and why ? 

4. Thie E.M.F, of a battery is 18 volts, and its internal resistance 
3 ohms. The difference of potential between its poles, when they are con* 

• nectcd by a wire A, is 15 volts, and falls to 12 volts when A is replaced by 

another wire B. Compare the amounts of heat developed in A and B in - 
eqnal times. 

5. A current of i ampere ]-)asses through a coil whose resistance is 
2 ohms. What amount of heat is developed in the coil in 5 seconds. 

6. A current of 10 amperes passes through a wire whose resistance is 
•9 ohm for 5 seconds. What amount of heat is developed ? 

7. The resistance of two wires made of the same Aietal, a and by are as 
2 : 3. What are the relative amounts of lu at developed in the wires (i) 
when they are fastened end to end, and the same current passes through 
them ; (2) when tlicy are arranged in "multiple arc," that is, when each 
connects the ends of the same battery, so that the battery corrent is divided 
between them ? 

8. Why is an astatic galvanometer better adapted for the measurement 
of weak currents than a galvanometer with a single needle? 

9. A wire, through which a current is passing, is stretched vertically 
from floor to ceiling of a room. A small magnet, suspended by a silk fibre 
so that it can turn freely in a horizontal plane, but cannot turn vertically, 
is brought near the wire on the east (magnetic) side, and the time is 
measurM in which thenrnagnet makes, say, 20 oscillations. The magnet is 
then jilaccd at tlie same distance west (magnetic) of the wire, and the time 
in which it nial<cs the same number of oscillations is observed. IIow could 
you tell from these experiments whether the current in the wire is flowing 
upwards or downwards? 

10. W^hat effect is produced on the magnetising power of a coil of 
insulated wire, the ends of \\hirh are connectMl with the poles of abattery, 
by immersing it in cold water t 
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CHAPTER XVII. 

ACTION OF CURRENTS ON CURRENTS AND OF 
MAGNETS ON CURRENTS. 

The term electrodynafnics is given to that portion of the science 
which treats of the force exerted by a current of electricity on 
another current. 

Laws of Parallel Currents. — (i) Currents which are 
parallel^ and which flaw in the same direction^ attract one another. 
(2) Currents which are parallel^ and which flaw in opposite direc^ 
tions^ r^ one another. 

These laws may be readily proved in several ways. The 




chief difficulty is to obtain a suitable support for the wires, so 
that they are perfectly free to move. In order to investigate 
these laws. Ampere invented a stand, known as Ampbre's table, 
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wliich was similar in principle to that shown in Fig, 202. This 
form is given, because it is easily made and gives satisfactory 
results. 

A is an annular mercury cup, made of gutta-percha.* This 
cup is supported on a wire, B, part of which is coiled under- 
neath the cup to support it, while the other part passes 
perpendicularly downwards, and, being bent at right angles, 
terminates in a binding-screw, T. The coiled portion has its 
end bent and passed through the gutta-percha, so that the 
mercury may be in metallic connection with the upright wire, 
B, and thus with the binding-screw. The wire D, connected 
with the terminal T', passes into another cup, C. It is 
advisable to support B and D by rectangular blocks of wood. 
Wires are then bent into various shapes, so that one end rests 
in the mercury contained in the cup C, and the other in that 
in A. If they are suspended by a silk thread from a support — 
say a gas bracket— they are perfectly free to move in a 
circular direction. 

£zp. 156. Bend a copper wire into the 
shape shown in Fig. 202, so that the Ion|;w 
sides of the rectangle measure ten or twelve 
inches, and suspend it by a silk thread, so that 
the free ends just dip into the mercury in the 
cups, A and C. Attach the ends of the wire 
from a 5- or 6-cell Grove's l^attery to the bind- 
ing-screws, T T'. Hold the wires parallel to, 
and in front of, the extreme vertical wire in 
the framework, and, if the currents flow in 
the same directions in adjacent wires, observe 
that attraction takes place : while, if they flow 
in contrary directions, that repulsion occurs. 

The same results may be shown by 
making two flat spirals (Fig. 203) of 
insulated copper wire (fourteen or 
fifteen feet of wire being required for each spiral) in the 
following manner : — 

(i) Tiikc a circular piece of cardboard (about six inches in 
diameter), and cut a hole (an inch in diameter) at the centre. 

' Gutta-perclia can be easily moulded after putting it in hot water. 
Nearly all the mercury cups used in this work nave been made b]r the 
writer with this substance. 
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(2) Fasten the wire by means of silk thread to the edge of 
the central hole, leaving ten or twelve inches free, as shown in 
the diagram. 

(3) Wind the remainder so as to form a spiral, fastening 
each turn securely to the cardboard; for this purpose it has 
been found advantageous to use four needles, each one being 
90" from the next, and to sew from the centre outwards. 

(4) Finish the winding at a point on the outside edge so 
that the two free ends are parallel and close together. 

These spirals are represented diagratnatically to illustraic 
Experiments 157, 158. 

. Sif. IVt, Attach one end of the coil A by means of coimecting'Screws 





Fig. 004. 

to one end of the coil B, so that the current flows in the xa^i^ direction through 

both coils (Fig. 204). Hang the spirals 
paralld to one another, and very close toge- 
ther. Connect the free ends with a Grove's 
battery of five or six cells. Observe that 
attraction ensues between the spirals. 

£zp. 158. Attach the same end of A to 
the other end of B (Fic^. 205). The current 
now flows in opponlc directions through the 
coils. Hang the coils parallel to one an- 
other and in contact Notice repnl«on. 

Roget's Vibrating Spiral, — The 
attraction of parallel currents flowing 
in the same direction is well shown 
Fio. ao& means of Roget's vibrating spiral 

(Fig. 206). It is made of twenty or thirty turns of moderately 
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thin copper wire, suspended from a suitable support. The 
lower end just dips into a mercury cup cut in the base of the 
support. 

£xp. 159. Place one wire from a battery of five cells on the top of the 
ocnl, and the other wire in the mercury. A current, therefore, flows 
through the coiL Observe that attraction takes place between the wires, 

so that the lower end of the coil is lifted out of the mercury. By this 
action the circuit is broken, and the spiral drops back to its fiist position. 
Attraction again takes place, and so on, thus giving an up-and-down motion 
to the ooU. 

These attractions and repulsions are explained by con- 
sidering the parallel currents as edges of two magnetic shells 
(see p. 9). When the currents flow in the same direction, 
the surfaces which face each other are 
oppositely magnetised, and therefore 
attract. If the currents are in oppo- 
site directions, the surfaces are similarly 
magnetised, and they, therefore, repel 

Laws of Angolar Cunrents. — 
(1) Tm currents direcHims of whUh 
make an angle with each ofher^ attract 
when both currents flow towards qr from 
ihc apex of the atv^k, (2) They repel ^ 
if one fioivs towards ^ and the other from, 
tlie apex. 

Thus, in Fig. 207, attraction takes 
place between the currents shown in A 
and B| and repulsion between those 
shown in C These laws can be ex- 
perimentally proved by the same ar- 
rangement as that given in Fig. aca, if the two currents are 
inclined to each other, with- 
out crossing. A< 

Let us consider, in rela- 
tion to these laws, the case 
where two currents cross each 
other as nearly as possible 
in the same plane; e,g» let 
AB,CD (Fig. ao8), repre- 
sent two portions of circuits, movable about O as centre, carry- 






Flc ao8. 
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ing currents in the direction of the arrows. There will be attrac- 
tion between AO and C O and between D O and BO, and repul- 
sion between A O and O D and between C O and O B. These 
currents will, therefore, tend to move into parallel directions. 

Law of Sinuous Currents. — The action of a sinuous 
current is equal to that of a straight current passing through it, 

Exp. 160. Wind insulated copper wire in a helix round a glass tube, 
and then pass the wire through the tube in a straight line, thus having a 
portion of the circuit sinuous, and another portion, of the same length, 
straight. Place this arrangement parallel to one of the vertical wires — 
say, in place of M in Fig. 202 — and observe that there is neither attraction 
nor repulsion, proving that the sinitVjus portion is equal in effect to the 
straight portion. 

Action of a Current on another Current wholly 

on one Side. — Let A O B (Fig. 209) represent a portion of a 

fixed circuit carrying a current 

in the direction shown by the 

C arrows, and C another movable 

circuit at right angles to A O B. 

Now, from what has been said 

I about inclined currents, we 
> — > — ' 

/\ 0 9 can easily understand that the 

Yy^, 209. currents in A O and C attract 

one another, while those in 
O B and C repel one another ; hence, if C be free to move, 
it will move parallel to A 0 B in the direction indicated by the 
arrow on the dotted line. 

Exp. 161. In order to show this action, we require a copper vessel, con- 




Fic. 3IO* 



taining a solution of copper sulphate, round which insulated copper wire is 
coiled several limes (Fig. 210). In the centre of the vessel is an insulated 



Digitized by Google 



Action of Currents and Magnets on Currents 239 



metal stem, a, terminated in a roercory cup. In this cup, dips a pivot con- 
nected with a wire, b b, which extends horizontally both ways, and is then 
bent at right angles. The ends of the wires are soldered to a very light 
copper ring immersed in the solution. A current entering through the 
wire m passes round the coil to B, which is connected by a wire under- 
neath with the lower end of the central stem a. The current, therefore, 
ascends this stem to the mercury cup, where it divides and descends hy b h 
to the ring in the copper buiphate, whence it returns to the wire D, and 
so to the battery. Observe that the wires hb^ and the ring with which th^ 
are connected, rotate itt E direction contrary to that in which the curroit is 
moving in the coils. 

This result is easily understood from the iaws of angular 
currents^ for the current in b on the right is attracted by that 
in the front portion of A on the left of the wire, and repelled 
by that on the right of it ; and the current in ^ on the left is 
attracted by that on the back portion of A on the right of the 
wire, and repelled by that on the left 

Action of Magnets on Currents. — Not only do 
currents act on magnets, as we have described on pp. 219-224, 
but magnets also act on currents. One of tlie simplest forms 
of apparatus to show this action i'^ Icnown as — 

De la Bive*8 Floating Battery^ which can be made as 
follows : — 

Ezp. 162. Fit a beaker in a cork or in a wooden tray (Fig. 210). Fasten 
strips of copper and zinc (C and Z) side by side to a cross piece of wood, A. 




Fig. 3tt. 



Bend silk-covered copper wire into a coil (say, about 20 turns) and solder 
the ends to the strips. On tiiUui^ the beaker with dilute sulphuric acid, a 
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current will pass round the coil. Float the beaker on water and present 
the S-seeking pole of a maguet lo that face of the coil in which the currents 
circulate in « clockwise direction. The battery will be repelled, for the 
ciirrents in the coil and the magnet are moving in a contrary direction. 
Plunge the S-seeking pole into the coil and notice that the battery is re- 
pelled, so that it floats olT liie magnet. It then turns round and attraction 
occurs, the coil passing up the magnet until it reaches the neutral line. 

Kq^ 168. Present the N-seeking pole to that face of the coil in which 
the currents circulate clockwise. Attraction lakes place. This eftect is due 
to the fact that the currents in the magnet and in the coil circulate in the 
same direction. 

In Experiment 162 it appears, at first sight, as though the 
currents in the S-seeking pole flow in a counter-clockwise 
direction, for we have said that the current in the coil (which 
is clockwise) and those in the magnet are moving in contrary 
directions. 

The reason of this apparent contradiction is, of course, due 
to the fact that we are not looking ai the S-seeking pole. The 

best method of reasoning is this : — 

Suppose that the direction of the current is clockwise in 
that lace of the coil which is looked at, and 1 wish to discover 
whether attraction or repulsion will take place when a particular 
pole is presented to the coil. 

(1) When the S seeking pole is presented to the coil, ^le 
pole really looked at is the N*seeking one, and the currents, 
therefore, flow in a counter-clockwise direction. There will 
then be repulsion. 

(2) When the N-seeking pole is presented to the coil, the 
S-seeking pole is the one looked at, and the currents are^ 
therefore, clockwise. Attraction therefore takes place. 

Rotation of Currents by Magnets. — Currents are not 
merely acted upon by magnets in the manner just described, 
but they may be made to rotate round one pole of a magnet. 
This rotation may be shown by the following experiment, and 
although, without a strong current, the action is sluggish, even 
with a few cells we find the rotatory action sufiiciently marked 
for the purpose of illustration. 

Exp. 164. Fit two corks, A B (Fig. 212), tightly into a lamp chimney. 
Remove the cork B, and bore a hole to admit a round piece of soft lion. 
Pass the iron a short distance through the cork, and then coil insulated 
copper wire round the outer part, so as to form an electro-magnet. Now 
fix the cork in its place, so that one end of the coil passes between the cork 
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and the glass and the other end is free. Pour mercury in the tube so that the 
end of the iron case projects slightly above the surface. Through the cork 
A pass a copper wire, making a loop at 
the end which is to be inside the tube. 
In this loop hang a piece of copper 
wire, D, of such a length that its lower 
end just rests in the mercury. Connect 
the wires frcon a 6-cell Grove's battery 
to the free end'; of the wires outside 
the apparatus, and observe that the wire 
D revolves round the pole, C, of the 
magnet. 

The direction of rotation of 
a magnet round a current, or of 
a current roiintl a magnet, is 
shown in Fig. 213, where A 
represents the N-seeking pole of 
a magnet, and B the current en- 
tering the plane of the paper, ue. 
going downwards. 

The direction of rotation can 
be easily ascertained from Am- 
pere's rule, for if we imagme 
ourselves swimming in the current 
and looking towards a magnet, 
the N-seeking pole will be urged 
towards our left hand, and if it 
were possible to have a magnet with an N-seekmg pole only; 
that pole would be urged as 
shown in the figure. Without 
doubt, however, the motion of 
a wire conveymg a current does 
not depend upon one pole only, 
but upon the field of force, 
for, as we can readily prove by 
the following experiment, f/te 
wire conveying a current tiuds to 
move at right angles to the magnetic litm of force, 

£zp. 165. Bend a wire, A B, as shown in Fig. 214. Flnlton one end, A, 
and drill a hole through it. Fix A B so that it is in conncctii^n with the 
hinding-sciew, T. Pass a wire, C, through the hole, keeping it in portion 
by making a small loop at the top^ and of soffident length to just tonch some 
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mercury contained in the hollow, D, made in the base. The mercury is 
connected to the binding-screw by means of a wire passing underneath 

the base (indicated by the dotted 
line)» Attach a wire from the 
battery to one end of the coil of 
an electro-magnet, E, the other 
end being connected to the bind- 
ing-screw T*. Fasten the other 
wire from the battery to T, and 
observe that the wire moves out 
of the mercury across the lines 
of force of the magnet, and that, 
at the moment contact is broken, 
it falls back again. These mo- 
lions are repealed while the cur- 
rent lasts. If the direction of 
the current is altered, the direc- 
tion of motion of the wire is also 
altered. 




.Fig. 214. 



The same result is obtained with Barlow's wheel, which 
consists of a brass or copper wheel cut into the shape of a star 




Fig. 8x5. 



(Fig. 215). As it rotates the points just dip into a mercui^ 
cup. 

Szpk 168. Connect the binding-screws, B and C, with a batteiy. The 

current then passes from one binding-screw, B, up the support to the axis 
A, thence down a vertical radius of the wheel to the mercury, and so back 
to C and the battery. When the wheel is placed between poles of a strong 
magnet, as shown in the diagram, observe that it begins to rotate, and, one 
point of the wheel after another passing out of the mercury, that the rota- 
tion is kept up while the current lasts. As in the last experiment, the 
direction of rotation can be reversed, by either changing the direction of 
the current or the polarity of the magnet. 
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Exercise XIX. 

1. A metal ring* through which a current circulates, can move horizon- 
tally, its plane remaining always vertical. Describe and explain what 
happens when one pole or the other of a bar magnet is presented to the 
ring. 

2. Describe and explain any arrangement for causing a magnet to rotate 

continuously about n wire through which a current is passing, and show the 
relation between the direction of the current and the direction of rotation. 

3. Two parallel covered wires are traversed by equal currents in the 
same direction : what is the joint eflect of the currents upon a bar of soft 
iron (a) laid across the two wires, on the samesideof both ; (^) held between 
the wires at the same distance from each ? 

4. A square of gutta-percha-covered copper wire is suspended from one 
arm of a balance, so that an electric current can l)c passed through it, and 
it is counterpoised when the lower side of the square is immersed in a trough 
containing copper sulphate. If an independent current is passed through 
the liquid, what effect will be produced on the equilibrium of the balance? 
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CHAPTER XVIII. 

GALVANOMETERS AND ELECTRICAL MEASUREMENTS. 

OalvaiLometera are instraments used to measure the 
strength of currents. The astatic galvanometer described on 
p 332 is suitable for measuring very feeble currents, but it is 
altogether unsuitable for measuring strong currents; in fact, 
different kinds of instruments are necessary for different 
current-strengths. 

Tangent Galvanometer (Fig. 216) is a very convenient 
instrument for measuring currents of considerable strength. 

It consists of one or more 
stout copper wires bent 
into the form of a circle 
(about 13 or 15 inches in 
diameter), the free ends of 
which are secured to two 
binding-screws or to two 
mercury cups, a by 
means of which the in- 
strument can be con- 
nected to a cell or batterv. 
A smnll magnet — whose 
n length is not more than 
^ A diameter of 
the ring — ue, about an 
inch long — ^is delicately 
suspended at the centre 
of the circle. The magnet is furnished with a light pointer of 
aluminium, glass, or other non-magnetic substance, which 
moves over a graduated card. 
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Before making an observation with the instrument, the 
drde is placed in the magnetic meridian, thus causing the 
magnet to lie in the plane of the circular ring. 

When a current passes round the circle it produces a 
magnedc field which may be considered uniform about the 
centre, for there the lines of force cut the plane at right 
angles (see Experiment 150). This is the reason for having a 
small magnet suspended at the centre of the copper circle, for 
the poles of such a magnet are never far removed from the 
centre, and are therefore always in a uniform magnetic 
field 

Now we have learnt (p. 31) that when a magnetic forc^ F, 
acts at right angles to the meridian, so as to deflect a magnetic 
needle through an angle 8, it is equal to the product of the 
horizontal component of the earth's magnetism and the tangent 

of the angle of deflection, 

F = H tanS 

In this instrument the force is proportional to a current of 
strength C, so that we have — 

C = /&H tanS 

where is a constant depending, as will be shown in the next 
article, on the dimensions of the coils, the number of turns, 
and the unit of current employed. 

If any other current of strength C be passed through the 
galvanometer wire, which produces a deflection S', we have — 

C = kYil tan 5' 

Whence, as H and k are constant, we obtain the relative value 
of the current strength— 

C : C : : tan 8 : tan 

It must be mentioned that the most accurate results are given 
if the deflection is about 45°. 

Absolute Measure of Current by Tangent Gal- 
yanometer. — A current flowing in the wire acts with a force 
on one pole of the needle, and with an equal and opposite 
force on the other pol& The force, F (Fig. 217), exerted on 
each pole, without regard to sign, is directly proportional to 
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tbe strength C of the current, to the strength m of the pole, 




to the length b of the wire (in centimetres), and inversely pro- 
portional to the square of the distance, f>. — 

« Cmb . 
F = -jj- dynes. 

If the wire passes round the magnet pole in a circle, then 
b = 2irr, so that we have — 

F = — — = —p— dynes. 

When a deflection B is produced, the moment of the 
couple is equal to F x CD = F x 2CO = ¥ x I cos S, where 
/ is the length of the magnet ; whence, substituting, we have — 

the moment of the couple = cos S 

f* 

Now we have proved on p. 30 that the moment of the couple 

tending to bring the magnet into the meridian = m/H. sin 8. 
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Hence, in equilibrium, cqs S = mlU, sin S 

p !1 XT ?5L? 

U C = — H tan S 
If there are n turns in the coil, this becomes— 

C = — . H tan 8 

r 

The &ctor — - is called the constant of the instrument, and 

2'ttn 

it is evident that if we know the values of r and «, we can find 
it by calculation. It must be temembered that the value 
of the cnnent, as ob- 
tained above, b given 
in absolute units, and 
therefore it roust be 
multiplied by ten to 
give the value in 
ami:»^res.' 

Sine Galvano- 
meter. — A tangent 
galvanometer, or in- 
deed durvSHlvanometer 
having a magnet di- 
rected by a uniform 
magnetic field, may be 
used as a sine galvano- 
meter, provided that 
the instrument, and 
therefore the coil, is 
capable of moving 
about a vertical axis 
round a graduated 
circle. Its construction will be understood by reference to Fig. 
218. A circular frame, M, contains the coil, whose ends are 
terminated in binding-screws, £. A magnet, provided with 
* An ampere is ^ of the absolute unit of carrent strength. 




Fig. «t8. 
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a pointer, is suspended at the centre of the circle, so as to 
move over a graduated circle, N. The framework is supported 
on a foot, O, and is capable of moving about a vertical axis 
passing through the centre of the graduated horizontal ciide, 

The vertical circle^ M, is placed in the magnetic meridian, 
and a current is passed round it, which deflects the needle; 

The coil is now turned so that 
it follows the direction of the 
needle, and if the current is 
not too strong the magnetic 
needle comes to rest in the 
plane of the coil. The angle, 
through which the framework 
has been turned, is then read 
by means of a vernier on the 
piece The strength of the 
current is proportional to the 
sine of the angle a, for in 
the position of equilibrium, let 
M (Fig. 219) be the coil lying 
above the needle at an angle 
a from the meridian N S. 

Let H = the horizontal 
component of the earth's mag- 
netism, and C = the force due to the current, which acts oii 
the needle at right angles. Now, we have proved that the 
moment of the couple acting on the needle due to the earth'g 
magnetism = m/H.sina, while that due to the current 

27r 

= — Cml, Whence, when there is equilibrium, these moments 
are equal, and we^ therefore^ have 

H sin a 




c = r 

2ir 



If with another current C, the coU is turned through an 
angle, a', then 

C = ^ H sm a' 

whence C : C ; : sin a : sin a 
' Another method of obtainiog this angle is given in Experiment 169. 
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The Mirror Galvanometer (Fig. 220). — This instru- 
ment is used for exceedingly small currents. The magnet is 
very short and light — so small and 
light, indeed, that when attached to 
the back of a mirror, A, about 
centimetres in diameter, they weigh 
not more than one or two grains, m 
The mirror is suspended by a single 
fibre of unspun silk in a small cylin- 
der, round which the wire is coiled. 
The length of wire em})loyed for 
this purpose depends upon the use 
the galvanometer is intended for. 
Through an aperture in a screen, a 
beam of light is sent from a lamp 
upon the mirror, which reflects it on 
a scale. A permanent ma^et is 
placed on a vertical support above 
the cylinder, which controls the 
magnet in the galvanometer, so that 
the spot of light is readily brought 
to the zero on the scale. 

As the deflections are very small 
and the magnet very short, the current-Strength is proportional 
to the deflection on the scale. 

Differential Galvanometer, — The differential galvano- 
meter is used for comparing the strengths of two currents. In 
it, the magnet is suspended between iufo coils, so that when 
. two currents of the same strengths are passed through the coils 
in opposite directions there is. no deflection of the magnet * 
The coils are generally made of two silk-covered copper or 
German silver wires of the same diameter, wound side by side 
and terminated in binding-screws. 

When two currents are passed round the coils in opposite 
directions, which produce no deflection of the needle, they are 
equal in strength ; if a deflection is produced, one of them is 
stronger than the other, the amount of deflection correspond* 
ing to the difference of the current-strengths. 
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Dead-beat Oalvanometera.— The student who has 
actually used any of the forms of galvanometers already 
described, in which the controlling force is the earth's mag- 
netism, will have noticed that they possess certain dis- 
advantages. 

(1) They require adjusting to a particular position, so 
that the pointer is at zero. 

(2) Owing to the slowness of vibration, much time is 
wasted in waiting for the needle to come to rest, 

(3) As a general rule, the deflections are not proportional 
to the current, and therefore the value of a current correspond- 
ing to a particular .deflection cannot be found without a 
calculation. 

(4) The needle is liable to be affected by the presence of 
iron bodies in its neighbourhood, and an unknown error is 

thus produced. 

These objections are not of great importance in laboratory 
work, where special precautions can be taken ; but in practice, 
where it is often required to ascertain, quickly and correctly, the 
value of large and varying currents and of electromotive forces, 
a class of instruments has come into use in which these diffi- 
culties are avoided. The slowness of the swing of the magnetic 
needle is due to the weakness of the controlling force and to 
the moment of inertia of the needle. If, instead of being 
merely controlled by the earth's magnetism, the needle is 
placed between the poles of a powerful permanent magnet, 
its oscillations are rapid, and then quickly cease ; and if it be 
surrounded by a coil as before, the passage of the current will 
cause it to move instantly to a definite position, while breaking 
'the current will cause it to come as quickly to rest. 

Instruments of this class are called dead-beat galvano- 
meters, and when they are intended to measure currents of 
considerable strength, are called Ammeters. 

Such instruments are scarcely affected by neighbouring 
magnetic bodies, and may be used in any position. In order 
to make the deflection proportional to the current, the pole 
])ieces of the controlling magnets are curved so that their 
iniluence on the needle increases as that of the coil diminishes. 
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The number of ampbres corresponding to a particular deflec- 
tion being determined by experiment, the scale is then graduated 
so that the value of a current may be read off at once in 

amperes. 

As permanent magnets are Uable to alter in strength, and 
so to alter the value of the readings, in some instruments 
electro-magnets are used, which are excited by the current to 
be measured; while in others the needle is controlled by a 
spring or by the force of gravitation. 

The coil of an ammeter must be made of short and thick 
wire of inappreciable resistance, so that the current is not 
altered by putting the instrument into the circuit; if it be 
wound instead with many turns of fine wire of i^i eut resistance 
compared with the rest of the current, the current passing 
tlirough it will be very small, and will be proportional to the 
difference of potential between its terminals, and the instru- 
ment may be graduated to read directly in volts. Such an 
instrument is called a Voltmeter. 



EXSRCISB XX. 

1. A very short magnetic needle is suspended at the centre of a hoop of 
wire Hxed vertically in the magnetic meridian. One current passing 

through the wire causes a permanent clcflcctifin of the needle amounting to 
30° ; another current causes a similar UeUection of 45°. . What arje the 
relative strengths of the two currents ? 

2. Two tangent galvanometers, alike in all respects ^cept that the hoop 

of one has twice the radius of that of the other, are employed to measure 
the strengths of electric currents. If the galvanometers give equal di flec- 
tions, show what are the relative strengths of the currents passing through 
them. 

3. Tn a tangent galvanometer a current of strength A causes a deflec- 
tion of 25°, another of strength !> causes a deflection of 20°. What is the 
relation of A to li ? [lan. 23^ = '4603, tan. id- = '3640], 

4. What is the relative strengths of two currents passing through the coil 
of a sine galvanometer, when the angles through which the coil has heen 
turned, before the needle stands at zero, are 30° and 45° respectively? 

5. A compass needle is placed at the centre of two concentric circles 
which are in the same vertiod plane, and are made of wires similar in all 
respects, except that the outer is copper, the inner, German silver. The 
wires are connected in multiple arc, but so that the currents which flow 
through them circulate in opposite directions. What must be the ratio of 
the diameters of the circles so that 00 effect may be produced on the needle ? 
rN.B.— -Assume the conductivity of copper to be twelve times that of 
German silver.] 
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6. A ttngent galvanometer is placed with its coil perpendicular to the 

magnetic meridian. \Vhcii no current is passin^^ through it, tlie needle 
when set in vibration osciliateb 10 times in 15 seconds. Will the rate of 
vibration be altered when a current is passing through the coil, and if so, 
will it be increased or diminished ? 

Electrical Measurement. — In practice, it is often 
necessary to measure resistance and electromotive force, 
which is generally done by comparison with certain standards. 
A variety of methods are employed for this purpose, of which 
only a few can be explained in this work. 

Measurement of Resistance by Wheatstone's 
Rheostat. — ^The rheostat is an instrument invented by 

Wheatstone, by which the 
resistance of a circuit can 
be varied without opening 
the circuit It generally 
consists of two parallel 
cylinders (Fig. 221), A 
being of brass, B of wood. 
The wire on B is woimd in 
a spiral groove cut in the 
woody while that on A is in 
close contact with the brass* 
One end of the wire termi- 
nates 9X, am 2l brass ring, 
which in turn is connected 
with the binding-screw, 
by means of a 1 i ias spring. The other end of the wire termi- 
nates at e. Vv lien a current enters at t?, it traverses the portion 
of the wire on B, where the separate coils are insulated by being 
placed in the groove, and passes then to A, which, bemg a thick 
brass conductor, offers no appreciable resistance to the passage 
of the current to the binding-screw n. If more or less wire is 
required in the circuit, the handle d is turned so that more or 
less wire » coiled on B. The length of the wire in feet and 
inches thus placed in the circuit is indicated by two needles 
situated at the further end of the instrument, and which are 
moved by the two cylinders. The two simplest methods o£ 
using the rheostat are — 




Fig. Ml. 
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(a) Method of substitutum. Suppose that R (Fig. 222) 
is a wire of unknown resistance, G a galvanometer, and B a 
battery. On passing a 

current, the galvano- )mmnnnr 

meter gives a certain 

deflection. The wire R 
is now removed, and a ^ 
rheostat inserted in its 
place, using the particu- 
lar length of wire to ^ 
give the same deflection. 

Hence, knowing the length of wire, we can calculate the 
resistance offered by the rheostat, which is equal to that of R. 

ip) Method of comparison of deflection. The method just 
described can be used with any sensitive galvanometer, but if 
a tangent galvanometer is employed, the following method 
may be adopted : — 

Let R be the unknown resistance, and r the resistance of 
the rest of the circuit ; then, since (i) the strength of the 
current is proportional to the tangent of the angle of de- 
flection, and 

(2) the strength of the current is inversely proportional to 
the resistance, we have, without the unknown resistance — 

- oc tan 8, r a cot 8 (i.) 
r ^ 

With the unknown resistance, if the deflection be Si, we have — 

r .^"R oc ^ r+'Si a cot 81. (ii.) 

Now introduce some measured resistance M in place of R, and 
let the deflection be 83, we have — 

^T^j^^ oc tan ^ r + M a cot ^ (iii.) 

whence from equations (i.) and (ii.) we have — 

R a cot &i - cot 5 
and from equations ^) and (iii.) — 

M a cot 4 - cot a 
R cot 81 - cot $ 



whence 



M cot 5, — cot h 
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If the resistance of the circuit be negligibly small, this 
becomes— , 

R _ cotj^ 

M " cot &, 
R tan 82 
* * M ~ tan 81 

i.e. the resistances are inversely proportional to the tangents 
of the angles of deflection. 

By Null Method.— For this method a differential 
galvanometer and a box of resistance coils (see below) are 
required. The circuit is divided into two branches, one 
flowing' through the unknown resistance and one coil of the 
galvanometer, while the other flows through a known resist- 
ance and the other coil in an opposite direction. When there 
is no deflection the unknown resistance is equal to the known 
resistance. 

Resistance Coils. — Wires of standard resistances, called 
resistance coils, are sold in boxes known as resistance 
boxes. The wires are made of metal, such as German silver, 
silver-platinum alloy, silver-iridium alloy, whose resistance 
does not sufier much change when its temperature rises. 
Each coil is made of insulated wire, doubled in the middle, 

and then coiled up (Fig. 
223). This manner of wind- 
ing is adopted to avoid self- 
induction (p. 287). Each 
end of a coil is soldered to 
stout brass pieces, e.g. D 
to A and B, E to B and 
C. These brass pieces are 
fixed to an ebonite plate, 
forming the top of the box, 
Fig. 333. but are separated from 

each other by small conical 
spaces, fitted with brass plugs, P and P'. When these plugs are 
tightly inserted, which is usually done by giving a twist to 
the plug, the current flows across the plugs, so that there is 
practically no resistance ; when, however, the plugs are with- 
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drawn, the current passes through the corresponding wires. 
The coils often consist of the following ohms resistance : — 
•1, -2, -2, '5, I, 2, 2, 5, 10, 20, 20, 50, ICQ, 200, 200, 500, 
1000, etc., up to any required extent, although they vary 
considerably in this respect. 

The student will see that any required number of ohms 
can be made up with these coils ; for example, Fig. 224 shows 



1 




^ |j|i!itili|itlll!illliiil!^^. 



L 



Fig. 334. 

a small resistance box in which, if the terminals of a battery be 
connected with T and T', there would be a resistance of 74 ohms. 

The resistance box has superseded the older instruments, 
such as the rheostat, as more accurate results can be obtained 
by its use. 

Wheatstone's 
Bridge. — The chief 
instrument for measur- 
ing resistances is called 
Wheatstone's bridge, 
which consists of a sys- 
tem of conductors, 
shown diagrammati- 
cally in Fig. 225, in 
which M is a battery 
having its circuit di- 
vided into two parts at 
A and reunited again at B, so that part of the current flows 
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through the point C, and part through the point D. The 
conductors AC, CB, AD, DB, are called the arms of the 
bridge. 

When the current flows from the battery M through the 

two paths ACB, ADB, there will be a gradual fall of potential 
from A to B along both paths, so that for every point in ACB 
there is a point in ADB which is at the same potential ; if 
therefore the end of one wire from a galvanometer be attached 
to C, a point may be found at the same potential by moving the 
end of the other wire from the galvanometer along the lower 
wire until there is no deflection of the needle. If D be such 
a point, it follows that the four resistances of the arms balance 
one another, so that 



To prove this, let the lines MN, NO, MN', N'O' (Fig. 226), 



be taken in the same straight line, so that they are proportional 
to the resistances r, r\ j, /, when balance is obtained. 

Draw MP at right angles to OMO', of such a length that it 
is proportional to the difference of potential between A and 
B (Fig. 225). Join PO and PO', and from N and N' draw 
NQ and N'Q' at right angles to the base, which represents 
the potential at C and D respectively, and which must there- ' 
fore be equal. Whence we have — 



r: siir' : / 



p 




V 



ON _ NQ 

OM ~ MP 



and 



0[N' N'Q' 
U'M " MP 



whence 



but NQ = N'Q', 
ON O'N' 



OM O'M 
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r " J 

from which r\s\\r^\^ 

If the conductor ADB (Fig. 225) be a wire of uniform 
material and diameter, as is usually the case in a practical 
bridge, the ratio of the resistances s and i will be merely 
die ratio of the corresponding lengths of wire. 

Gonstrnetion of Wheatstone's Bridge.— In practice, 
the bridge is never made in the form shown in Fig. 225. The 
following method of constructing a bridge for experimental 
purposes is simple : — Take a deal board (2 ft. X 4 in. X ^ i^O 
planed quite smooth on both sides. Procure three pieces of 
copper or brassy one (A, Fig. 227)17 x^X finches, the others 




FtO* MJfb 



(B and C) 3 x } X i mches. File off the rough edges and 
polish. Now solder a rather thick copper wire to the middle 
of each piece, underneath ; that to A being 34 inches long ; 

that to B, 30 inches ; and that to C, 8 inches. Each piece 
of brass should be filed across the middle, so that the wire, 
when soldered, lies flush with the surface. 

Drill holes near the ends of the brass pieces (shown at 
M, N, S, R) large enough to carry a binding-screw. Also 
drill smaller holes (shown at D and £)• Place the pieces on 
the board, taking care to have the inner edges of B and C 
txaedy 50 centimetres apart, and mark the position of the 
holes by pushing a bradawl through, and then mark a place on 

8 
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the board at the points wheie the wires spring from the pieces. 
Remove the brass pieces, and bore holes through the board ' 
at the marked places. Now sdder a piece of German silver 
wire (W, Fig. 228) to the ends of B and C, so that it is exactly 

50 ceniiinetres long between B and C. Pass the end of the 
wire attached to A through the hole in the board at that 
point, pull the wire, and then fasten the brass in place by 
means of the binding-screws, MN (Fig. 227). Similarly, after 
passing the wires from the middle of B and C through the 
holes, fasten one end of each piece by the binding-screws, 
R and & Now place the other ends of B and C so that the 
wire W is rather tight, and then fasten them in position by two 
screws, D and £ (Fig. 227). 

Make two holes through the board at T and T (Fig. 228), 
and then, turning the board over, make a groove from B to T' 
for the wire to lie in, and another from C to T ; stretch these 




Fig. 3;iS. 



wires (shown by dotted lines) and place their ends in the holes, 
so that they are in metallic contact with two binding-screws 
fixed at T and T. 

Finally place a scale, divided into 500 millimetres, from 
end to end of the wire,. W. 

Exp. 167, to Jind tke resisianee of a ml of wire. Place the wire (r. Fig. 
228) in one arm of a Wheatstone's bi idge, and the wire of known resistance 
(r') in the other arm. Connect T andT' with a Viattcry. Attach the wire 
from A to one terminal of a galvanometer, G, and connect one end of another 
wire to the other terminal. Make contact along W with the free end of this 
wire until the needle is unaifiscted. As there is practically no resistance 
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offered by the pieces of brass, and as the resistances, s\ on W are pro- 
portional to tbdr lengths, we have — 

f : :: length of f : lengtli of 
Jii a {Murticnhr experiment, the known resistance of a wire was 10 ohms ; 
when a balance was obtained, /measured ai6 miUimetres, and / 284 milli' 
metres, whence-^ 

r : 10 : s ai6 : 284 

•*. r s 7 *6 ohms nearly 

The result is most accurately obtained when the known resistance is such 
that, to obtain the balance^ the point of contact is approximately near the 
middle of the wire W, 

Measurement of Internal Resistance of a Cell. 

1. Reduced Deflection. — Observe the deflection of the 
needle of a tangent galvanometer — (a) when a small resistance 
is introduced in the external circuit, and {b) when a larger 
resistance is introduced. The internal resistance of the cell 
can then be calculated ; for let r be the small resistance ; fj, 
the larger resistance ; b^ the internal resistance of the cell ; 
the resistance of the g^vanometer and the connecting wires ; 
then, from Ohm's law — 

C =s J—, \ — and Ct = -r—, ; — 



* + c 

C tan h 
.•.(^4-r + ^) tan 8 = + n + ^) tan 
/. ^ (tan S - tan «,) = (rj tan 8^ - (r +^) tan h 

(n+^)tan8i-(r+^)tan8 



:.b^ 



tan 8 — tan ^ 



Szp. 168. Arrange a Daniell's cell in series with a lesistance box and a 

tangent i^alvanometer. Make the necessary observations ; e.g. in a particular 
experiment adcHection of J3° was produceid with lo ohms, and a deflection 
of 40^ with a resistance of 20 ohms. The resistance of the galvanometer 
and connecting wires was ascertained to be i '25 ohm. Now, tan40^s *839 
and tan 53^ s 1*327, whence from the above fbrmula— 

k - '^39(20 + I'^S) - i'327(to + i.'g^J 
= r327-~839 
17-82875 - 14*9387 5 

" -488 
= 5*9 ohms nearly. 
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"Ex^ 16^ wWk AM mUmary gahfomtttifi ^smaU mitiame med as am 

galvanometer. 

Substitute this instrament for the tangent galvanometer used in the last 
experiment. If the galvano6cope is too sensitive a shunt must be added. 

To use the instnimenty introduce saffident resistance to obtain a deflec- 
tion of, sny, 40"" ; now turn the instrument in the direction in which the 
needle has moved, until the coils are again parallel to the needle, i.e. until 
the pointer is at zero on the scale. The current is now broken, and the 
neeole swings back, and after a few oscillations takes up its originid 
pOlitioiB* The angle between thi< position and its deflected position givc~> 
the angle through which the instrument has been turned, the sine of which 
is proportional to the current. As before, a lamer resistance is introduced 
and the angle ag^ obtained. The values of the sines are applied in a 
manner similar to the tangents in the last fonnnla. 

In an experiment with the cell used in Experiment 168, 

the angle between the two positions of the needle was 44*5® 
when the resistance in the circuit was 9 ohms, while with a 
resistance of 22 ohms the angle was 22°. The resistance of 
the galvanoscope (owing to the use of a shunt) was practically 
sero^ and can, therefore, be neglected. 



Now, b = 



sin 22° X 22 — sin 44*5° X 9 
.sin 44*5** — sin 23** 



^ '3746 X 22 7009 X 9 
~ 7002 — '3746 

= 5*9 ohms nearly. 

II. Method of Opposition. — Exp. 170. Arrange two similar 
Daniell's cells in opposition so that they give no current themselves, and 
place them in one arm of a Wbeatstooe's hndge (Fig. 229). Measme tiidr 




Fig. 339. 

resistance in a manner exactly slmllai to that of a irire, using another 
cell to supply the current. 



Digitized by Google 



GaltfanotneUrs and Eiecirieal Measurements 261 

The reading in a particular experiment, when a balance was obtained, 
was 267 millimetres on that end of the wir^ aknown resistance of xo ohms 
being placed in the other arm— 

••.R:R'::367:333 
. »67 X 10 , 

tV. the resistance of one cell is 5*7 ohms. 

Meararanent of Slectromotivd Force. 

I. Wheatstone's Method.— Sq^ 171. Fit up a tangent gal* 

vanomctcr, a chromic acid cell, and a resistance box in series. Put in a 
certain resistance to give a deflection of d° then add a resistance (R') to 
bring the deflection from </° to d^°. Now substitute a standard (say, a 
E)anien's) cell for the chromic add cdl, and adjust the tesistance ontil the 
same deflection of d*^ is again given ; add a resistance (R) to again bring 
the deflection from {o d°. Since the resistances which reduce the current 
by the same amount are proportional to the electromotive forces, we liave, 
if E be the E.M.F. of a DanieU's cell and £' that of the chromic acid cell, 

E* 17' • • C * 12' 

In a particular experiment, vith a chromic acid cell, the 
resistance required to obtain a deflection of 52^ was 30 -5 ohms. 

This resistance was then increased to 50*5 ohms, when the 
deflection was 40°. The added resistance of 20 ohms thus 
diminished the deflection by 12°. 

A Daniell's cell was then substituted for the chromic acid 
celL To obtain a deflection of 52° a resistance of 10 ohms 
was required, while to bring the deflection down to 40^ the 
resbtance was increased to 21*5 ohms, the extra resistance; 
therefore, was 11*5 ohms. Now 

E : E' : : R : R' 
A 1*07 : E' :: II 5 : 20 

• •A — r~"~~ 

II-5 

= 1-86 volt 

II. Method of Sum and Differenoe.~Sq^ in, (a) 

Connect the two cells (a stan- 
dard cell and the one whose 
E.M.F. is to be measured) in 

series with a tangent galvano- 
meter (Fig. 230), and take the 
detiection (5i); then k tan 5, = 

where R is the total 

R * 

Kslstance in the circuit. Fic aj^. Fio» aji. 

{b) Without altering the re- 
sisUnce, connect the cells in opposition (Fig. 23 1 ), and netd the deflection (8,). 
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Then i( tan S, s ^^-5* 




Whea the two cells used in Exp. 171 were anangec! in series tbe de<^ 
flection was 36° ; when they were In of^position it was 11^. Now, tan 
s 7265 and tao 11^ = '1944* 



— '9209 
" 5321 

Again, taking the E.M.F« of th« Darnell's cell as 1*07 volt, we have— 



1. If an increase of the resistance of a circuit by 10 ohms causes the 
strength of the current to decrease from 5 to 2, find the total resistance of 

the circuit after the change. 

2. The terminals of a l)attery formed of seven Daniell's cells in scries 
are joined by a wire 35 feet long. One binding screw of a galvanometer is 
joined by a wire to the copper of the third cdl (reckoned from the copper 
end). With what point of the 35 feet wire can the other screw of the 
galvanometer be connected so that the needle shall not be deflected ? 

3. When a coil of wire is connected in circuit with a battery and a 
tangent galvanometer, the galvanometer diows a deflection of 45^ If the 
wire is replaced by resistances of 24 and 25 ohms in turn, the deflection is 
46° in the first case, and 44° in the second. Find the resistance of the 
wire. Tan 44° = -966, tan 45° = i, tan 46° = i -036. 

4. A wir^ the total resistance of which is 4 ohms, is bent into the form 
of a square, ABCD, the loose entte being soldered together. Find the 
resistance of the s}'stem when a current enters at B and leaves at D. Will 
it be modified if the corners, A and C, are connected by another wire ? 

5* ^ battery is formed of four Grove's cells in series, and its poles are 
|otiied by a wire. If one electrode of a Thomson's quadrant electrometer 
IS connected to the middle point of this wire, and ihe other electrode to the 
platinum of each cell in turn, describe the indications of the electrometer. 

6. Describe and explain a method of comparing the E.M.F. of two 
iroltaib batteries. 

7. A cell was connected in series with a tangent galvanometer and a 
resistance box. When the resistance of the external circuit and galva- 
nometer was I "4 ohm a deflection of 45° 30' was obtained, but when an 
ohm was added to the external resistance the deflection was 32° 20^, Find 
the internal resistance of the cdl* Tan 45^30^ = 1*0176; tan 32^ 20P a 
•6331- 

& A cell was arranged in series with a tangent galvanometer and a 



Whence, substituting, we have 



E ^ 7265 + -1944 
5 7265 - -1944 




EXBRCISB XXL 
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resistance box. A deflection of 40° was obtained with a resistance of 
8 ohms, and a deflection of 35° with 10 ohms. The re^sistance of galva- 
nometer and connecting wire was ascertained to be I "05 ohms. Find the 
internal resistance of the cell. Tan 35° = 7002 ; tan 40^^ 8391. 

9. Two similar cells were placed in opposition in one arm of a Wheat- 
stone's bridge. A balance was obtained at a point 275 millimetre*; from 
that end of the wire when a resistance of 9 ohms was placed in the other 
arm. What is the resistance of one cell ? 

id A Daniell's cell and a Grove's cell were arranged in series with a 
tangent galvanometer. When their electromotive forces were acting in the 
same direction the deflection was 42° ; when in opposition, 14°. Taking 
the E.M.F. of the Daniell's cell as 1*07 volts, find that of the Grove's 
cell. Tan 4a® = '$004 ; tan 14° = '2493. 

11. Two batteries, known to have different electromotive forces, are 
"found to give equal deflections when joined up, one at a time, with the 
. same tangent galvanometer. Explain how you could find out by experiment 

which battery has the greater E.M.F., and what proportion the E.M.F. of 

one bears to that of the other. 

12. Compare the electromotive forces of two l^atteries, A and B, if when 
they are successively connected in series with a tangent galvanometer and 
a resistance box, the deflection la 20^, and that to radace the deflection to 
10°, 3 ohms must be added when A is In drcuit, and 5 ohms when B is in 
circuit. 

13. Six similar cells are arranged in series, and the circuit completed 
through a coil of wire and a galvanometer. The resistances of the battery, 
ccnl, and galvanometer are 10, 50, and 20 ohms respectively. If the difl'er* 
cncc of potential between the tvrminnls of the galvanometer be 2 •VOltS, 
what is the E.M.F. of each cell of the battery ? 

14. A closed circuit contains a battery of I ohm resistance, a reflect- 
ing galvanometer of 4 ohms resistance, and other conductors of 2 ohms 
resistance. The dellfciion of the Ljalvanometer is lOO divisions of the ^calo. 
What will the deflection he (ns^umin*:;^ it to 1)C proportional to the strengtli 
of the current) when llic tcmuuois ul the ^alvaiiuiuclcr are connected by a 
wire of 4 ohms resistance ? 
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CHAPTER XIX. 

ELECTROLYSIS, 

Chemical actions, somewhat similar to those already de- 
scribed in the cells themselves, are produced outside the cells, 
when the current is allowed to pass through certain compound 
bodies. We can easily prove by actual experiment that 
liquids may be divided into three classes, viz. — ' 

(1) those incapable of conducting the current j 

(2) those which conduct, but which are incapable of 
decomposition, e.g. mercury and molten metals ; 

(3) those capable of decomposition. 

The compounds in the last class are generally liquids or 
fused saline substances, and are called electrolytes. Their 
decomposition by the electric current is called electrolysifiK. 

Bs^ 17t| ia thew thai some liquids an non-conductort. Attach 
the wire from one pole of a strong battery to a binding-screw of a gal- 
vanoscope. Place the end of the wire from the other pole in a small 
vessel containing turpentine or petroleum. Complete the circuit by means 
of a wire passing from the liquid to the other binding-screw of the g^vano- 
scope. ^ Observe that, if the wires are not in contact in the liquid, the 
needle is not deflected. 

174. Dissolve a few crystals of potassium iodide in water. Place 
the wires from a single Grove's edl in the solutioii (without contact). 
Observe (l) that bubbles of gas b^;in to rise from the wire connected with 
the zinc, and (2) that a brown coloration, due to the liberation of the 
iodine, appears round the wire connected with the platinum. In fact, the 
salt is decomposed into potassium and iodine, as shown by the following 
equation 

The liberated potassium, however, immediately actS Upon the water, 
forming caustic potash and liberating hydrogen — 

2K + 2HsO ^ 2KHO + H,. 

An excellent test for weak currents, dependmg upon this 
result, is given in the following experiment : — 

£xp. 176. Soak a piece of white blotting-paper with a solution of 
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potassium iodide in water. Place the wires from a single cell on the paper, 
an inch or two apart Brown marks will appear whoe the positive pole 
touches the paper. 

It win be remembered that a result similar to this was 
obtained with factional electricity (p. 151). Faraday used this 
test to establish the identity between voltaic and frictional 
electricity. 

Explanation of Terms. — The metal terminals plunged 
in the electrolyte are called electrodes (A and B, Fig. 232), 
The positive electrode, i,e, 
the pole where the positive 
current enters the electro- 
lyte, is called the platl- 
nodOj or the anode (A) ; 
the negative electrode is 
called the zincode, or the 
cathode (B). The sub- 
stances given off at the electrodes are called ions ; the one 
appearing at the anode is called the anionj that at the cathode 
is called the cation. 

Electrolysis of Water,— For electrolysing water, an 
apparatus similar to that 
represented in Fig. 235 
is required. It consists 
of a glass vessel fixed on 
a wooden base. Two 
platinum plates, h and 
are buitlered to platinum 
wirc^, which are then fused 
through the bottom of the 
vessel, and are connected 
with two binding-screws. 
This part of the apparatus 
can be easily made as follows :<— 

Obtain a glass funnel^ five or six inches in diameter across 
the top. File off the stem at a point about half an inch from 
the bottom of the funnel. Solder strips of platinum foil to 
two copper wires, and then pas^ the wucs fiom tlie mi>ide of 
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the vessel Itiroi^h the stem. Arrange the platinum strips 
parallel to each other, and then fill the stem and part of the' 
funnel with plaster of Paris, so that the pieces of platinum 
project above it. If the wires are uninsulated, take care that 
they are not in contact. In order to make the apparatus water- 
tight, melt some paraffin and pour it over the plaster of Paris. 

Exp. 176. PrLrtially fill the vessel with water acidulated with sulphuric 
acid.* Fill two test-tubes of ecjual size with acidulated water, and invert 
them over the electrodes. Connect the free ends of the wires wilh a 
•ingle Grove's cell, or, if a rapid action is required, with a battery. Ob- 
serve that bubbles of [^as rise from the electrodes. After the action has 
proceeded for a short time, it will be found that the volume of gas m the 
tube over ihc cathode (H, Fig. 233) is nearly double that in the tube, O, 
over the anode. When the tube H is foil, lift it and immediately brin^ 
a lighted match near the mouth. Notice that the gas burns with a pale 
blue flame — this is a test for hydrogen. When the tube O is full, lift it, 
and plunge a glowing chip of wood in it. Observe that the chip bursts 
into flame — a test for oxygen. 

1 he chemical decomposition is represented by the equa- 
tion — 

2H,0 = 2H,+ 0, 

In practice, however, we find that these two gases are not 
given off in the exact proportion of two volumes of hydrogen 
to one volume of oxygen; because (i), at first, a minute 
quantity of the hydrogen is occluded, i.e. absorbed by the 
platinum electrode ; (2) oxygen is more soluble in water than 
hydrogen ; and (3) about one per cent, of the oxygen is evolved 
in the denser form of ozone. 

When the tubes are graduated so that the volumes of the 
gases can be measured, the apparatus is called a ▼oltameier. 

Blectrolysis of Hydrochlorio Acid.— Hydrochloric 
acid may be electrolysed by means of a similar arrangement, ' 
but the electrodes should be made of carbon, as platinum is 
attacked by nascent chlorine. The apparatus usually employed 
for this purpose is known as Hofmann's voltameter, which 
consists of two graduated glass tubes, bent as shown in 
fig. 234. At the bottom of each tube is a pointed carbon 

* The addition of sulphuric acid diminishes the resistance of the water. 

The ncid itself is probably decomposed into hydrogen and the "sulphion " 
(SO^), the latter decomposing the water, thus \ + SO^ = H3SO4 + O; 
so that the elements (hydrogen and oxygen) appear at the electrode:>. 
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rod, connected with a platinum wire^ which is attached to a 
bmding-sciew. The other ends of the tubes are open, but 
can be closed at pleasure by stop-cocks. 
These two tubes are connected at the 
bottom to a straight tube terminated 
in a funnel. Into this tube the hydro- 
chloric acid is poured ; on opening the 
stop-.cocks the liquid fills the apparatus. 

Exp. 177. Fill the voltameter with the 
acid, and then close the stop-cocks. As chlo- 
rine is extremely soluble in water, add a quan- 
tity of common salt, wbidi has the effect of 
diminishing this solubility. Allow the action 
to continue for some time, and observe that 
we obtain nearly equal volumes of gas iu each 
tube. Theoretically the volnmes are exactly 
equal, according to the equation— 

2HC1 = H, + Cl2. 

Observe that the gas given off at the anode is 
of a ;^ellow colour, and on opening the stop- 
cock It has a peculiar odour, which irritates 
the air-passages and lungs. These are proper- 
ties of chlorine. Test the gas in the tube over 
the cathode for hydrogen. 
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Slectro-oheiaical Series.— With fio. 2^4- 

any given electrolyte the same ion is 
always given off at the same electrode, so that these substance^ 
ate divided into two classes — electropositive and electro- 
negative ; the electro-positive ion being evolved at the negative 
electrode, and the electro-negative ion at the positive electrode. 

In the following list, any two elements being evolved or 
deposited during electrolysis, the one standing last is electro- 
positive to the other ; — 



Oxygen 

Sulphur 

Nitrogen 

Fluorine 

Chlorine 

Bromine 

Iodine 

Phosphorus 

Arsenic 



Chromium 

Boron 

Carbon 

Antimony 

Silicon 

Hydrogen 

Gold 

Platinum 

Meicury 



Silver 

Copper 

Bismuth 

Tin 

Lead 

Cobalt 

Nickel 

Iron 

Zinc 
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Mai^liiiese Calcium Sodium 

Aluminium Barium Potassium 

Magnesium Lithium 

It may be advisable to point out to the student that, in all 
the examples given on electrolysis, hydrogen and metals are 
evolved at the negative electrode. 

Electrolysis of Copper Sulphate. — Exp. 178. Fill a u-tube 

(Fig. 235) with a solution of copper sulphate. Pass platinum plates, con- 
nected with the wires from a cell 
or bfttteiy, into the arms of the 

tube. Ooserve that pure copper 
is deposited on the cathode, and 
that bubbles of gas arc evolved at 
the anode. 

In this case, the copper 
sulphate is first decomposed 
into Qopper and the radical 
SO4, as represented by the 
equation — 

CUSO4 = Cu + SO4. 

The " sulphion " (SO4) is, 
however, incapable of ex- 
isting alone, and it therefore attacks the water, removing 
hydrogen from it to form sulphuric acid^ and liberating the 

oxygen, thus — 

SO4 + H,0 = H^04 + O. 

Electrolysis of Sodium Sulphate. — 
179. Make a strong; solution of sodium salphate 
(Na^SOf) in water. Place a porous cell inside a 
glass vessel (Fig. 236). Partially fiU both vessels 
with the solution, and add to each a small quantity 
of litmus solution. In the porous cell add a drop 
or two of acid — the solution is then turned red \ 
and in the glass vessel a drop or two of ammonia — 
the solution is turned blue.^ Place the cathode in 
the red solution in the porous cell, and the anode 
in the blue solution. Observe that babbles of gM 
Fig. 336. ^ electrodes. 

In this case, the sodium sulphate is first decompoced into 
sodium (Na) and the sulphion (SO4). 

^ The experiment depends upon the well-known chemical test for acids 
and alkaliet— adds turn olue litmus red, slkalict turn red litmus Uuei 




Fig. 935. 
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The sodium libeiated at the cathode immediately com- 
bines with the water, forming caustic soda (NaHO) and 
liberating the hydrogen, as shown by the equation — 

2Na 4- 2H2O = 2NaH0 + Hj. 
Simultaneously the '^sulphion'' attacks the water, forming 
sulphuric acid, and liberating the oxygen — 

3SO4 + 3H,0 s 3H^04 + 0» 

Thus, hydrogen is evolved £rom the cathode, and oxygen from 
'the anode. Now, caustic soda formed at the cathode is an 
alkali, and we ought, therefore, to find the red solution in the 
porous cell turned blue by its action, and the blue solution in 
the glass vessel turned red by the acid formed at the anode. 
On examining the cells we ^d that these results have 
occurred. 

Electrolysis of Lead Aeetate. — 

Ixp. 180. Partially fill a glass vessel with a 
solution of lead acetate. Place two platinum 
wire^>, attached to a 2-ceU Grove's battery, in a 
solution, and observe that bubbles of gas (oxy- 
gen) rise from the anode, A (Fig. 237), and fern- 
like branches of lead begin to grow on the ca- 
thode, B. In time, the space between the wires 
becomes bridged over, and the action ceases. 
The anode is often covered with a dark-brown 
powder — lead peroxide, PbO, — due to the che- 
mical combination of lead and oxygen. 

Electrolysis of Silver Nitrate. — 
If a solution of silver nitrate be em- 
ployed, silver is deposited on the cathode in delicate fi^menHi. 

Kobili's Rings. — Szp. m. Boil fith&rge (PbO) in a solution of 
caustic potash.* Place a polished steel plate horizontally in the solution, 
and connect it with the wire from the platinum end of a 6-cell Grove's 
battery. Hold a platinum-wire cathode above the plate, and observe 
that ^mmetrical rings of varied colours are deposited. These rings are 
due to deposits of laid peroxide, which gradually diminish in thickness 
as they extend from the point immediately under the end of the wiie. 

Disoovery of Potaindiim and SodiniiL^By means of 

electrolysis, the compound nature of several substances lias 
been determined; e.g. Davy, by using 250 zinc-copper cells, 
proved that caustic potash and soda were compounds, 

» Boil 6 grs of PbO with 8 grs. of KHO in about | pint of water, 
Allow to cool| and then take clear solution. 
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This decomposition can be repeated with a 5-cell Grove's 
battevy by making a small cavity in a piece of solid caustic 
potash, which is moistened and filled with mercury (Fig. 238). 

The potash is then 
placed on a platinum 
plate, which is con- 
: necied with the posi- 
^ live pole of the bat- 
^£ tery, while the mer- 
cury is touched with 
the negative pole. 
^ Potassium, which 
forms an amalgam 
with the mercury, is 
liberated at the cathode, and oxygen at the anode. The reac- 
tion is expressed by the equation — 

2KHO = aK + H,0 + O. 

Quantitative Laws of Eleotrolyais. — I. 7^e amount 
ofchemieal action is equal at all parts of the circuit If two or 

iiiore voltameters containing acidulated water be placed in a 
circuit, the quantities of hydrogen set free at each cathode 
will be equal, even if the electrodes are of different sizes, 
and at different distances apart ; or if they contain a solution 
of copper sulphate, the amounts of copper deposited on 
each cathode will be equal. If, however, certain cells con- 
tain addttlated water, while others contain copper sulphate 
the amount of the ionsp— hydrogen and coppei^-given off at 
the cathode will not be equal; but if two parts by weight of 
bydrogen were liberated in the water voltameter, we should 
have 63 parts by weight of copper in the copper voltameter, 
these numbeib being 10 each oilier as the chemical equivalents^ 

* 7%e chemkal eqtdoalent of an element is obtained by dividing its 
fttomtc weight by its atomicity. 

The atomic weight of an element is the weight of an atom of thq 
element compared with the weight of an atom of hydrogen. 

The aiemidty of an element is the atom-fixingr or atom-replacing power 
of the element ; e»g. when zinc is acted on by sulphuric acid, the cheinical 
action is represented by the equation Zn + IIjSO^ = ZnS04 + H,, ja 
which it is seen that one atom of zinc replaces two atcms of hydrogen. 

• 




Digitized by Googl 



Eledrofysis 271 

of the elements. This is often expressed as follows i^Jf the 
same or equal currents flow through several ekctroiyies^ the 
weights of the ions liberated at the several electrodes are to each 
^her as their chemical equivalents. Suppose, for example, we 
have a number of electrolytic cells containing respectively 
acididated water, hydrochloric acid, copper sulphate, fused 
chloride of tin, and that proper precautions be adopted for 
collecting the whole of the ions, we should find that for every 
gramme of hydrogen liberated, 59 grammes of tin, ^v^ 
grammes of copper, 8 grammes of oxygen, and ZS"S grammes 
of chlorine would be liberated at the respective electrodes. 
Observe that these numbers represent the chemical equivalents 
of the various elements (see table on next page}* 

IL The amount of an ion liberated at an electrode in a given 
time is directly proportional to the strength of the current Thus, 
if a current of one ampere liberates a certain amount of an 
ion, a current of ten amperes will liberate ten times that 
amount in the same time ; and so on. 

III. T/ie atnoutit of an ion liberated per second at an electrode 
is the product of the current strength and the electro-chemical 
equivalent of the ion. 

It has been found by experiment that when water is 
electrolysed, a current of one arapbre liberates •0000104, 
or more accurately •000010352, gramme of hydrogen in one 
second. This quantity is called the eledro-chemical equivalent 
of hydrogen. The electro-chemical equivalent of any other 
element is obtained by multiplying -0000x04 by the chemical 
ec2uivalent of that element, thus — 

(1) the chemical equivalent of copper = = 31*5^ whence 

the electro-chemical equivalent is -0000104 X 31*5 = '0003276 
gramme ; 

(2) the chemical equivalent of silver = -Vf* = 108, whence 
the dectro-cbemical equivalent of silver is *ooooxo4 X 108 = 
'0011232. 

The following table gives the atomic weight, the atomicity, 
the chemical equivalent, and the electro-chemical equivalent 
of various elements : — 
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Hydrogen . 
^otassittiii • 
Sodiam . 
Silver • 
Gold 

Copper (cupric) 

„ (cuprous) 
Mercury (mercuric) 
(mercurous) 
Tin (stannic) 

„ (stannous) 
Iron (ferric) 

(ferrous) 
Nickel 
Zinc 
Lead 




Chlorine 

Iodine 

Bromine 
Niuogcn 



Atomic 
wdght. 




Chemical 
equivalent. 


Electto-diemieu 

flmjnines ner cscMi lom h ) . 


I 


I 


I 


•ocxx>j[04 


39*1 


I 


39*1 


21 


t 


23 


'0002392 


io8 


I 


108 


'cx> 11232 


196-6 


3 


655 


•0006812 


63 
63 


2 

I 


31 5 
63 


^0003276 

'000655a 


200 


2 


100 


•0010400 


200 


I 


200 


■0020SqO 


118 


4 


29 5 


•0003068 


TiR 




59 






3 


186 


•0601934 


56 


2 


28 


•0002912 


59 


2 


29 s 


•0003068 




2 


32*5 


*o6o33So 


207 


2 


103*5 


'0010764' 


16 


2 


8 


•0000832 


35*5 


I 


35*5 


«od63692 


127 


I 


127 


•0013208 


80 


I 


80 


•0008320 


14 


3 


4-6 


•0004784 



Weight of Ion and Strength of Current.— Since the 

weight of an ion liberated per second is the product of the 
current strength and the electro-chemical equivalent of the ion, 
it follows that the weight of an ion liberated in a given time 
is the product of the current strength, the electro-chemical 
equivalent, and the number of seconds, thus — 
If W = weight of ion in granuneSi 
C = strength of current in amperes, 
z = electro-chemical equivalent, 
/ s time in seconds, 
then W = Czt 

It should be noticed, however, that a current of variable 
strength liberates different weights of the 10ns in different 
times, and that, therefore, for the voltameter measurement to 
be constant, the current must be constant, otherwise we merely 
get the average current during the experiment, i>. we get the 
quantity of electricity which has flowed through the electio> 
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lyte in a givea time, instead of the actual strength at any 
instant 

Measurement of Strength of Onrrent by Water 
Voltameter.^From the above formula, we can easily calcu* 
late the strength of a current by accurately observing th^ 
time occupied by the current in liberating a given volum 
of gas. 

The weight of the gas can readily be computed from the 
volume^ for we know that — 

I litre of hydrogen weighs '0896 gramme 
Now I „ = 1000 C.C. 

I C.C. of hydrogen weighs '0000896 gr. 
and I C.C. of oxygen „ *oooo896 x 16 

= *ooi4336 gr. 

The results of an actual experiment will make this clear. 

Four Grove's cells were arranged in series, and on connccLing 
the terminals to a water voltameter it was observed that 50 c.c. 
of hydrogen were liberated at the cathode in 11 min. 21 sees. 
(Le. 681"). Required the current strength. 

Now, I cc. of hydrogen weighs '0000896 gr. 

50 >• » If '00443 gr. 

and from the equation W = Qat^ we have — 



whence C = 



zt 

•00448 



•0000104 X 681 
= '63 ampere 



Exercise XXIL 

^ I. How many am])cre8 would deposit % grsunmet of copper in 15 
minutes, the current being sup[)Osed constant? 

2. How many grammes of copper would be deposited by a constant 
current of 12 amperes acting for I hour ? 

3. What would be the stren^ of a constant current which would 
deposit 36*36 grammes of copper in 5 hours ? 

4. Wiiat would be the strength of a constant current which liberates 
50 c.c. of hydrogen in 5 minutes ? 

5. How many amperes would liberate 250 c*c. of hydrogen in 
S5 min. 33 sec, tne current being constant? 

T 
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Laws of Electrolysis in the Batteiy.^ — ^The laws just 
enunciated also hold in each cell of a battery. Thus, if a 
DanielVs batteiy of three or four cells be used to electrolyse 
water in a voltameter, it is found that while one gramme of 
hydrogen and eight grammes of oxygen are being liberated in 
the voltameter, 31 '5 grammes of copper are deposited in each 
cell, and, if we exclude local action, 32 5 grammes of zinc are 
dissolved in each cell. These numbers are to one another as 
the chemical equivalents of the elements. 

More exactly we may give this result as follows : — To pro- 
duce every coulomb of electricity, we find that in a Daniell's 
cell -0003276 gramme of copper is deposited, and that, 
excluding local action, '000338 gramme of zinc is dissolved in 
the cell; and, conversely, every coulomb thus produced will 
liberate '0000104 gramme of hydrogen and '000083a gramme 
of oxygen m an electrolytic cell 

We thus learn that a definite quantity of electricity requires 
a definite amount of chemical action in the cell to produce 
it ; and that, conversely, a definite quantity of electricity will 
perform a deiinite amount of chemical work in an electrolytic 



Polarisation of Eleetrodes.— Exp. 168. join three or four 

cells in series with a water voltameter, V (Fig. 239), and an astatic galvano- 
meter, G. The galvanometer must have its sensibility diminished by the 
insertion of a shunt, S. - Isotice the direction of deikcUon. When the gas 



has accumulated sufTiciently, take the battery out of the circuit and remove 
the shunt. Complete the circuit, which now contains the galvanometer and 
the voltameter only (Fig. 240). Observe fhat the galvanometer needle is 
deflected in the opposite direction, showii^ that the yoltameter is sending 
an invent current lound the circuit 

Thb action is explained as follows ) To effect the decom- 



cell 




B 

Fig. 839* 



Fig. 944* 
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(josition of an electiotjrte we require a definite RM.F., which 
acts against the chemical affinity of the substances forming that 

electrolyte. In the case before us, oxygen and hydrogen have 
been liberated, and the current has, therefore, performed 
chemical 7vork, The oxyp^en and hydrogen now possess 
potential energy, in virtue of which they can recombine. 
During this recombination they will set up a definite E.M.F., 
depending merely on the energy of the chemical affinity oi 
oxygen and hydrogen, and which must be opposed in direc- 
tion to the original one. Since the electrodes thus become 
the poles of a new current, they are said to be polarised^ and 
the current is called a polarisation current. The opposing 
E.M.F., which, with oxygen and hydrogen, is equal to 1*49 
volt, is called the electromotive force of polarisation. 

Electromotive Force of Chemical Reactions. — 
When a current decomposes an electrolyte, it performs a 
certain ^antity of work. If, for example, a quantity of elec- 
tricity, Q, pass through a circuit against an opposing electro- 
motive force, El the work done, if we adopt the C.G.S. system 
of units, is £Q ergs. 

This woric has been expended in decomposing the electro- 
lyte, the ions then possessing a potential energy, by means of 
which they can reunite, and during their recombination they 
must give up this energy in some form or other. Instead of 
generating a current, as just mentioned, they may give up the 
energy as heat, in which case the total amount of heat pro- 
duced by the combination must equal the energy expended in 
the decomposition. 

Thus, if H represent the number of units of heat produced 
by the combination of one gramme of one ion with the other, 
and 9 the electro-chemical equivalent of the first ion in C.G.S. 
units,* then Hi represents the number of units of heat produced 
during the combination of the same quantity of the ion as 
would be decomposed by the unit of electricity, whence QHaf 
units of heat will represent the value of the chemical work 

> /.A the ▼aloe of 1 wiU be ten times that given on p. 272, as the iiiiit 

auantity of electricity in the C*G«S. qrstein is 10 times the practical miit— 
le coulomb* 
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done by the passage of Q units, and to express tins in ergs it 
must be multiplied by Joule's equivalent of heat (J = 42,400,000 
ergs = 4- 24 X 10' ergs). 

Now, the number of ergs expended in decomposing the 
electrolyte into the ions equals that resulting from their com- 
bination! whence 

EQ = QH^J 
£ » H5j 

Exercise XXIII. 

1. After acidulated water is electrolysed, And the electromotive force 
of hydrogen tending to recombme with oxygen. 

"We have « = '000104 

H s 34000 {i.e. 34000 units of heat are produced fay the com* 

bination of I gramme of hydrogen with oxygen). 
J = 4 24 X 10' 
Now E = HsJ 

= -000IQ4 X 34000 X 4*34 X 10* 

SB 1-49 XI0« ^ 

= I '49 volt ^ 

2. Mivi the E.M.F. of zinc dissolving in sulphuric acid, where 
£ = '00J38, 11 = 1670. 

3. Find the E.M.F. of a DanielPs cell from the following data, 
furnished by Sir William Thomson in the Phil. Mai^"., 1851. 

{a) Heat evolved by one gramme of zinc combining with oxygen 
= 1301 units of heat. 

(S) Heat evolved by this zinc oadde in combining with sulphuric add 
e 369 units. 

(r) Heat evolved hy combhiation of the equivalent quantity of copper 
with oxygen = 58i>'6 units. 

(d) Heat evolved by^ the combination of this copper oxide with dilnto 
sulphuric acid = 293 units. 

Now, we have for each gramme of zinc dissolved in the cell 1301 + 
369 — 588*6 — 293 3= 788*4 units of heat, capable of being used for 
external work. 

If a 8 '00338, we have 

E = YX)338 X 788*4 X 4-24 X 10^ 

= ri29 X 10* 
= I' 129 volt 

From this result we learn that the E.M.R of a Daiiiell's 
cell is insufficient to decompose water, since for this purpose 
an E.M.F. of 1*49 volt (example i above) is necessary. 

Secondary Batteries. — ^The principle involved in Exp. 
182 was first employed by Ritter, in 1803, in 'the construc- 
tion of secondary batteries. He used large plates of platinum. 
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having pieces of moistened cloth between each pair. Each 
end of the pile was then connected with the poles of a 
hatteiy. After receiving a chaige it was separated from the 
battery> when it was found to be capable of producing aU the 
effects of an ordinary voltaic battery. 

Plants, in i860, constructed a secondary cell by using two 
sheets of lead, each provided with a tongue (Fig. 241). The 
sheets were then rolled up — ^narrow strips of felt being put 
between them to prevent contact — and then immersed in dilute 
sulphuric acid. The termmals of a Grove's battery were attached 
to the two tongues, so that a current passed through the cell. By 
this means the liquid is decomposed, oxygen being liberated 
at the anode^ which combining with the lead forms peroidde of 
lead (FbO|)^ while hydrogen is liberated at the cathode. The 




Fig. 84s. 



current !s then reversed until the FbOt is reduced to spongy 
lead by the action of the nascent hydrogen, while the other 

plate (the first cathode, now the anode) is in its turn oxidised. 
Thus by sending repeated currents in alternate directions, 
the pbte which served last as the anode is left deeply coated 
with PbOa, while that which served last as the cathode is deeply 
coated with spongy lead. If now the plates are detached from 
the charging battery and connected with each other, a 
powerful polarisation current is produced in the opposite 
direction. 

In order to obviate the lengthy process of the " formation 
of the celto'* Faure, in 1881, improved the construction by 
coating the two plates, with minium or red lead (PbjO^^). When 
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the current is passed through the cell to charge it, the red lead 
at the anode is oxidised to PbOa, while at the cathode it is 
reduced by the hydrogen — first to PbO, and then to the 
spongy metallic state. 

The E.M.F. of the cell in a good condition is about two 
volts. 

Grove's Gas Battery. — A cell, M (Fig. 242), of Sir 
W. Grove's battery consists of two glass tubes, each contain- 
ing a platinum plate, to which platinum wires are attached, 
and then connected outside with binding-screws, A, B. On 




Fig. 24a. 

passing the current oxygen and hydrogen are liberated and 
collected. If the process be stopped, and A B joined by a 
wire, we have learnt from Experiment 182 that a current will 

pass in a direction 
opposite to that by 
which the electrolysis 
was effected. Four 
such cells will readily 
decompose water. 
Migration of 

Fig. 243. Ions. — Exp. 183. Take 

three glasses, A, B, C 

(Fig. 243), and partly fill them with a solution of sodium sulphate 
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(NaaSO^), coloured purple by the addition of litmus. Connect the vessels 
by Jamp-wick, moistened with the same solution. Fit up a battery of two 
or three cells, and then place the cathode in A, and the anode in C. 
After the current has passed for some time, the sohitioa in A will become 
blue— showing the presence of an alkali (NaHO, sec i :xp. 179) ; and that in 
C, red— showing the presence of an acid (HjSO*) ; while the solution in 
B will remain nnalterea. 

Hypothesis of Grotthuss.~-This appearance of the 
separate ions at the electrodes, without their appearance in a 
free state at intermediate points, is generally explained by the 
hypothesis of Grotthiiss, slightly modified by Clausius to suit 
the modem theory respecting the constitution of compound 
liquids. It is believed that not only are the molecules of a 
liquid in constant movement in every direction amongst them* 
selves, but that the atoms which form the molecule are being 
continually separated and recombined Grotthiiss, after adopt- 
ing the supposition that one element or group of elements in 
a compound is electro positive and the other electro-negative, 
assumed that when two metal plates at different potentials 
are placed in the liquid, the molecules of that hquid arrange 
themselves in such a direction, that the atoms of the 
electro- positive substance are ail turned towards the cathode, 
and the atoms of the electro-negative substance towards the 
anode. 

In the decomposition of water, for example, hydrogen is 
electro-positive and oxygen electro-negative. Hence, when the 
water is traversed bya sufficiently strong current, the molecules 
arrange themselves so that the oxygeii atoms are turned towards 

the anode, and the hydrogen 
atoms towards the cathode. In 
Fig. 244 the upper row gives a 
diagrammatic appearance of the 
molecules before a difference of 
potential is established between 
the two electrodes. The mid- 
dle row represents the molecules 
polarised as above described. 
Grotthiiss then supposed that 
the layer of electro-positive 
atoms of hydrogen is. set free at the cathode, liberating the 
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dectxo-negative atoms of oxygen, which unite with the hydro- 
gen in the neighbouring molecule, forming a new water mole- 

cule, and so on, until finally the electro-negative atoms of 
oxygen appear at the anode. This interchange of atoms is 
represented in the bottom row in Fig. 244. 

A similar series of decompositions and recombinations 
take place in the battery itself, (a) in the simple cell with 
dilute sulphuric acid, the sulphion " groups, SO4, behave like 
the oxygen atoms just described. {J>) In a two fluid all^ e.g. 
a Danieirs (Fig. 245), the action will be easily understood 
from the following explanation : — As the plates Zn and Cu are 

at different potentials, 
25k we have, first, the series 
of polarised mulccules 
as shown in the upper 
row, and then, as re- 
presented in the bot- 
tom row, the layer of 
the electro • negative 
groups, SO4, C9mbines 
with tiie electro-posi- 
tive zinc to form 
ZnS04, thus liberating its hydrogen. The nascent hydrogen 
combines with the sulphion " group m the next layer of mole- 
culesy and so on until the action reaches the porous cell, where 
the hydrogen comes in contact with the solution of copper 
sulphate, which it decomposes, combining with its sulphion " 
group and liberating the copper. This action continues, until 
finally the electro-negative copper is deposited on the copper 
plate. 

Electro-metallurgy.— The decomposition of salts by the 
electric current has been applied to important industries, which 
may be classed under three heads : — 

X. Etedrotyping^ by means of which impressions of coins» 
wood engravings, etc, are obtained. 

2. Electroplatings by which the surface of a base metal — e.g. 
German silver or copper — is covered with a su[)erior metal — e.g, 
silver or gold — either for the purpose of protecting the article 
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from oxidation, or to give it the appearance of being wholly 
composed of the superior metal 

3. The Ttdudion of meials frovi solutions of their ores. 
This reduction is valuable in assaying certain ores, but on 
account of its expense, it has not been carried out on a large 
scale. 

£lectrot3rping. — In order to obtain a copper electrotjrpe 
of any object, a mould must first be made, on which the layer 
of metal is to be deposited. For objects, such as medals, which 
can be submitted to pressure, guttapercha may be advantage- 
ously used for this purpose. It is softened in hot water, pressed 
upon the object, and then allowed to cool. For wood blocks 
or type, wax moulds are commonly used, which are made by 
pouring a mixture of wax, tallow, and Venice turpentine into a 
shallow vessel, and, before it completely sets, pressing the 
block, or type upon it. Moulds of plaster of Paris, or of a 
fusible alloy, are sometimes used. It is very important that 
the face and edges of these moulds should be covered very 
carefully and thoroughly with graphite, so as to make the 
surfaces conduct The mould is tiien made the cathode of 
a Darnell's cell or battery, and placed in a saturated solution 
of copper sulphate, while a copper plate forms the anode* 




Fic. 246* 



which, gradually dissolving in the solution, keeps it at a con- 
stant slitngth. 

The reason of taking electrotypes of wood engravings arises 
from the fact that the carved block would quickly wear away 
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by constant use. After the mould has been taken and a 
copper surface deposited, the back is filled up with molten 
type-metal, and when the mould is removed, many thousand 
copies can be printed from the copper impression, while the 
original block may again be used for the same purpose. 

Fig. 246 represents a suitable arrangement for this operation. 
The trough is made of glass, slate, or wood lined with india- 
rubber or marine g^ue— made by dissolving caoutchouc in 
naphtha, and after allowing it to stand for about ten days, 
adding shellac. Across the trough, which contains an acid 
solution of copper sulphate, are placed copper rods, B and D, 
which are respectively connected with the negative and positive 
poles of a battery. The mould, w, and the copper sheet, C, 
are then fastened to the rods and immersed in the solution. 

Electroplating.— This term includes— 

(a) ElectrO'gildiHg^ the process by which gold is deposited 
on a baser metal. The solution generally consists of one 
part by weight of gold chloride, ten parts of potassium cyanide, 
and two hundred parts of water. In order that the gilding 
bath may be of constant strength, the anode consists of a 
gold plate, which dissolves at a rate equal to that at which the 
gold is deposited on the cathode. 

{b) Electro-silvering. In this process the bath generally 
consists of one part by weight of silver cyanide, one part of 
potassium cyanide, and one hundred and twenty-five parts of 
water, together with a few drops of carbon bisulphide. 

The principle of both these processes will be understood 
from the following method of coating a German silver spoon 
with silver. The spoon must be thoroughly cleansed by (i) 
boiling it in a weak solution of caustic soda to remove grease, 
(2) washing with water, (3) immersing it for a moment in 
dilute nitric acid to remove any film of oxide, (4) brushing it 
with a hard brush, and (5) plunging it in clean water. Two 
metal rods are placed across the vessel containing the solution, 
which should be gently warmed while the deposit is being 
made. The spoon, hung from one of the rods, shown in Fig. 
246, by means of a wire (waxed all over), is made the cathode^ 
while a silver plate, suspended from the other, is the anode. 
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Uses of Electrolysis. — We have learnt that electrolysis is 
valuable — 

(1) to ascertain the constituents of chemical compounds ; 

(2) to obtain pure metals ; 

(3) to measure the strength of a cnrnent ; 

(4) to electrotype; 

(5) to electroplate. 

Exercise XXTV. 

I. What is the result of passinc^ a current through a solution of sulphate 
of sodium (Na^SOJ, by means of platinum electrodes separated from one 
another by a porous partition ? 

3. What do you understand by the polarisation of the platinum plate* 
employed as electrodes in a voltameter ? How would you show experi- 
mentally in which direction the polarisation acts ? 

3. A current flows through two troughs, which are connected in 
multiple arc, and contain a solution of copper sulphate. If all die di^ ' 
cumstances of the two paths which are thus open to the Current are the 
same, except that the metal plates by which it enters and leaves the 
liquid are, in the one case copper, and in the other platinum, will the 
currents be equally strong in the two troughs? Give reasons for your 
answer. 

4. Six Grove's cells, connected (a) in a single series, and (3) in two 
series of three each, are used to decompose water in a voltameter. If there 
is no local action in the battery, show how much zinc is dissolved in each 
case (a) and {V) in the whole battery while one grain of hydrogen is evolved 

in the voltameter. 

Take sul{)liaie of hydrogen (sulphuric acid) as HsS04 (98) and sulphate 
of zinc as ZnSO^ (161). 

5. A battery of 8 cells, connected in series, is used to decompose 
water in a voltameter; the chemical equivalent of zinc being 32*5 times 
that of hydrogen, show how much zinc is consumed in the whole battery 
while one grain of hydrogen is liberated in the voltameter. 

6. A number of cells formed of plates of sine and platinum, immersed 
in dilute sulphuric acid, are to be connected in a circuit, so that the plati* 
num of each cell is in contact with the zinc of the next. What effect, if 
any, would be produced on the current if, by mistake, one cell was made 
up with two platinums, instead of with one platinum and one xinc plate ? 

7. A current is passed through a coil of wire and then through a 
galvanometer arranged in series with it. If the strength of the current is 
altered so that the heat produced per minute in the coil of wire is doubled, 
show what change will be produced in the rate at which chemical action 
takes place in a voltameter. 

8. A single Grove's cell is joined up in circuit with a vnltrimetcr, in 
which acidulated water is decomposed between platinum electrodes, and 
the strength of the current is noted. On connecting a second Grove's cell 
in series with the first, the strength of the current becomes considerably 
more than twice as great as at first. Explain this. 

9. Describe the construction and method of charging a secondaiy 
battery- 
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CHAPTER XX. 
CURRENTS PRODUCED BY INDUCTION, 

Induction Carrent& — Induced currents are instantaneous 
cunents produced in closed circuits by the influence of currents 
or of magnets. The currents which produce them are known 

as inducing currents. 

"Exf. 184. Ja) Ascertain the direction in which the needle of an astatic 
galvanometer is deflected, when a carrent flows in a parttcolar direction 
through a flat spiral (described on p. 235). Do this by attaching one end 

of the spiral to a landing-screw of the galvanometer, and another wire to 
the other binding'Screw then connect the free ends of the spiral and wire 
respectively with a small piece of copper and sinc^ having flannel moistened 
with dilute sulphuric acid between them. 

(A) riacitig this spiral (B, Fig. 247) on the table, attach its ends to the 
biuding-iicrews of an astatic galvanometer. Connect, the ends of the other 

spiral. A, to the terminals of a 
5- or 6-cell Grove's battery. 
Notice the direction of the cur- 
rent round A. Now bring A 
over B, and observe the direc- 
tion in which the needle moves, 
caused by an instantaneous cur- 
rent flashing round 13. Know- 
ing the direction of deflection 
of the needle when the current 
passes in a particular direction 
round the spiral B, we learn 
that the induced current in B 
Is in the opposite direction to 
that in A. 

(c) Lift A from B, the 
needle moves in the opposite 
direction, showing that a current flashes round the ecSi B in the same 
direction as that in A. 

(d) Detach one end of A from the battery. Place A upon B and then 
a^in contplcte the circuit. The direction of the needle shows that the 
current moves round B in a direction opposite to that in A. 

[e) Keeping A on B, break contact ( the current in B then passes round 
in the .same direction as in A. 

In these experiments, A is called the primary coil^ and the 
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current in A is called the primary curretU. B is called the 
secondary coil, and the current is called the secondary current 

The secondary current is called direct when it moves in 
the same direction as that in the primary, and inverse when it 
moves in the opposite direction. 

The experiments on indifced currents may be easily per- 
formed with the apparatus shown in Fig. 248, in which B is 
a coil of fine silk-oovered copper wire (wound on a wooden 




Fig. *48. 



cylinder) connected with an astatic galvanometer. A is a 

smaller coil of stout wire (No. x6, B,W.G.), connected with 
the poles of a battery. 

By approaching^ i.e. inserting, the primary coil, A, in the 
secondary, B, an instantaneous inverse current is produced; 
by ivithdrawing it, a direct current is produced. 

If A be placed inside B, an inverse current can be obtained 
by attaching one wire from the battery to one binding-screw 
on A, and then making circuit by touching the other binding- 
screw with the other wire firom the battery. The direa current 
is induced by breaking the dxcuit 
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If the strength of the primary is increased^ an inverse corrent 
is induced in the secondary coil ; if diminished^ a direct current 

is induced. 

Induced Currents by Magnets. — Exp. 185. instead of tlie 

primary coil, A, used in the last experiment, employ a strong magnet. 
Kapidly insert the N-sceking pole of the magnet in the hollow of the 
secondary, B. Observe that it induces a current in the tame direction as 
that induced by the primary current in A, when (looking at the lower end) 
it flowed in a onnter-clockwise direction. Pull the magnet rapidly out of 
the coil, and notice that an instantaneous current is induced in the opposite 
direction. Repeat these processes with the S-seeking pole, and observe 
that instantaneous currents are induced in directions opposite to those 
obtained wlien the N-seekiog pole was used. 

We may tabulate the results of these experiments as 
follows 



By 
mean* ot 


Instantaneous mverse current<; ar«in« 
duced io the ttccondary coil 


Instantaneous direct currents 
a«e iadttoed iathe Mconduy 


Currents 


(a) wlicn beginning, 
{b) when approaching, 
or (r) when increasing in strength. 


(a) when ending, 
{b) when receding, 
or (c) when dimini^ing in 
strength. 


Magnets 


when approaching 


when receding. 



Extra Current. — We are now in a position to imder- 
stand the inductive action in two adjacent wires of a coil, 
when a current flows through them. By refer* 
ence to Fig. 249 we see that the current in 
one wire acts on an adjacent wire in a manner 

Ik similar to that of a primary on a secondary; 
• c.^, if the wire be coiled as shown in the dia- 
gram, and a current moves from P to Z, the part 
in A induces an instantaneous secondary current 
in the part which, moving in the opposite 
direction^ tends to weaken the primary, ue. on 
making contact the induced secondary current 
is inverse. Again, on breaking contact, a direct 
secondary current is induced, which, traveUing 
in the same direction as the primary current, increases 
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its strength. 7%e direct induced current in the primary wire 
itself^ which strengthens the current when it is broken^ is called 

the extra current. This current is one with a high E.M.F., 
and shows itself as a bright spark when the circuit is broken. 
If the wire be coiled round a soft iron core, as in an electro- 
magnet, the spark is particularly bright^ and a slight shock 
may be felt by a person, with moistened hands, holding the 
two ends of the wires when the drcait is broken. 

Self-Induction.— The effects just described are due to 
what is known as self-inductien^ When a current is started or 
stopped, or when it is varied in strength, lines of force appear 
or disappear in the space surrounding the wire, and if the wire 
be cut by its own lines, an independent induced current is 
produced. Hence, self-induction is at a minimum in a straight 
wire, and at a maximum in a coil of many turns of wire. An 
iron core increases the effect by multiplying the number of 
active Imes of force. 

It will be noticed that the effect of self-induction is to 
prevent instantaneous alLeiaiions in current-strength ; e.g, 
when a current begins in a circuit, the opposing induced 
current produces an efifect exactly similar to that due to an 
extra resistance, which, however, rapidly diminishes, until the 
normal resistance is reached. When the circuit is broken, 
the current does not cease instantaneously, as its existence 
is slightly prolonged by the extra current in the same direc- 
tion, which, jumping across the gap, appears as a spaik. In 
this respect, electricity appears to behave as though it possessed 
inertia, and for this reason self-induction is often referred to 
as electromagtietit inertia^ 

Laws of Induction. — ^We have 
seen that when a circuit is traversed by 
a current it produces a field of magnetic 
force similar to that produced by the 
pole of a magnet. Thus, if A (Fig. 250) 
represents a coil round which a current 
is flowinf^ in a counter-clockwise direc- 
tion, the hues of force are distributed in 
a manner similar to those of the N-seeking pole of a magnet 
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(Fig. 351). NoWy if another coil, Q approach either the 
coily A, or the magnet, N, we see that as the distance from A 

or N diminishes, the coil emhcaces 
! /' more and more lines of force. 

'C ' ■ C -^^a^i^j ^^"C know that on approcuh 

§an inverse current is induced in 
the coil C, so that we may give 
the fuadamental laws of induction 
as follows : — 

I. A decrease in the numher of 
Ufiu cf foru passing through a 
' ' circuit induces a direct eurreni in ^ 

tic. 95It , , 

arcuit, i.e. we may say it moves in 
a fositivc direction ; 7vhile an increase in the number of lines of 
force passing through a circuit induces an inverse current^ Le, we 
may say it moves in a negative direction. 

2. Tfte total induced E,M.F, acting round a secotidary is 
proportioned to the rate at which the number of embraced lines of 
force is varying. If, for example, at any instant the number of 
Hues of force passing through a circuit be n^ and after a very 
small interval, /, it is V, we have the total £,M.F. — 

and, substituting this value of £ in Ohm's law, we have — 

\{ n be greater than «t', C is positive, and therefore from law 
(i) the current is direct ; while if » be less than V, C is negative, 
and the current is inverse. 

LeufBliaw. — ^We have proved (r) that two conductors 

traversed by currents flowing in the same direction attract 
one another; (2) that on moving a current from a conducting 
circuit, an induced current is produced in the secondary in 
the same direction as the primary : 

And, similarly, (i) that two conductors traversed l )y currents 
passing in opposite directions repel one another ; (2) that on 
moving a current towards a conducting ckcuit, an induced 
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current is produced in the secondary in the opposite direction 
to that in tiie primary. 

Thus, in all cases of dectro-magnetic induction^ the induced 
currents have such a direction that they tend to stop the move- 

tneiit which produces them. This is known as Lenz's 
Law. 

Induced Currents in Solid Conductors moving in 
a Magnetic Field. — Currents are not only induced in closed 
wires, but also in any conducting mass, when it is made to cut 
magnetic lines of force. 

Bzp. 186. Replace the battery in Exp. 166 by an astatic galvanometer, 

and make the wheel rotate. Observe that a current is induced in the 

circuit, and that this current has a direction wliich, if it were actil^ alone, 
would cause the wheel to rotate in the opposite direction. 

As in the cases we have already considered, the cunents 
are such as oppose the movement. The following experiments 
prove that the motion of a conductor passing across a 

magnetic field is resisted : — 

Exp. 187.^ Draw a sheet of copper between the poles of a powerful 
electro-magnet. Notice that it appears as though it were passing through 
a viscous mass. 

1:^ 188.' Suspend a copper cube between the poles of a powerful 
electro-magnet by a piece of thread. Before magnetisinfj the core by the 
current, twist the thread so that the cube rotates rapidly. Observe that, 
on making the magnet, the cube is sensibly retarded, or eyen stopped. 
Break contact, and notice that it spins as rapidly as at first 

Arago'8 Disc. — Arago, in 1824, observed that if a magnetic 

needle oscillate close to a horizontal copper disc, the needle 
Will very quickly come to rest. 

He further discovered that if a copper disc be rotated very 
rapidly under a magnetic needle, the needle is deflected in the 
direction of the rotation of the disc ; and if the velocity of 
the disc be sufficiently great, the needle will rotate also. 
These effects are due to the currents induced by the magnet in 
the disc, which are in such a durection that they oppose the 
relative motion of the needle and the disc. 

Currents induced by Earth's Magnetism. — Faraday 
discovered that currents are induced in moving conductors by 

* Although Experiments 187 and 1S8 are inserted here, comparatively 
few students will have the op port unity of using a sufhcicntly powerful 
luagtiet tu obtain any indication of the action. 

U 
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terrestrial magnetism. He placed a long helix of fine silk- 
covered copper wire in the line of dip, having connected the 
two ends to a galvanometer. He then found that the galva- 
nometer needle was deflected every time the helix was turned 
through 180° about an axis at its middle and perpendicular to its 
length. 

The action is well shown by an apparatus, known as 
Delezenne's circle (Fig. 252), which consists of a wooden ring, 
R S, about two feet in diameter, having a groove cut in it, 




Fig. asa. 



which contains a coil of many turns of silk-covered copper 
wire. The two ends of the wire terminate in a spring com- 
mutator (see p. 293), by means of which the direction of the 
current, although it is changed at every half-revolution, is 
made continuous through the galvanometer. The ring is 
rotated on the axis a ohy means of the handle M, while the 
axis a 0 itself is fixed in a frame, P Q, movable about a hori- 
zontal axis. The inclination of the axis a 0^ and, therefore, that 
of the frame P Q, is shown by a pointer on the dial while 
another pointer on c shows the angular displacement of the ring. 

To use the apparatus: — (a) The galvanometer is removed 
some distance from the coil, and then connected with wires as 
shown in Fig. 252. (h) The plane of the ring is placed at right 
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angles to the line of dip, and the axis ao 2X right angles to the 
magnetic meridian ; the plane of the coil is then perpendicular 
to the direction of the earth's lines of force, X Y. (c) The 
coil is now rapidly rotated by means of the handle, thus cutting 
the earth's lines of force, and an induced current is conse- 
quently produced. This current changes its direction twice 
in each revolution (the reason of which will be understood 
after reading the dynamo chapter), but as the commutator a 
(see explanation, p. 293) makes the current continuous through 
the galvanometer, the needle will be permanently deflected. 
On altering the direction of rotation, the direction of ddlection 
is also changed. 

Ruhmkorflf's Coil or Induction Coil is an instrument 
by means of which induced currents are produced, generally 
having an E.M.F. so high that the results given by it are 
similar to those produced by statical electricity. Although 
these instruments differ considerably in detail, their principle 




Fig. 253. 



is the same. The construction will be easily understood from 
the following explanation and diagrams, of which Fig. 253 shows 
the instrument in perspective, and Fig. 254 is a diagrammatic 
sketch of a dissected coil with the outer parts removed. Cor- 
responding letters are placed on both figures. 

The Reel consists of a hollow tube of stout paper. The 
ends of the reel, A A', are made of vulcanite, each having two 
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holes drilled through it at the centre to admit the paper tube, 
the other to admit the primary wire. In Fig^ 253 the primary 
wire, B C, is shown passing through the end A. 




Fig. 354. 



The Iron Core consists of a bundle of soft iron wires 
placed inside the reel, but having the ends projecting. 

The Primary Coil generally consists of two layers of thick 
ropper wire covered with cotton. The wire is carefully wound 
in a close coil round the reel from one end to the other. 
After the layers are wound, one end of the wire is con- 
nected with K, and the other passes through the hole in A', 
being brought back to the binding-screw M, under the upper- 
most part of the wooden base D. The primary is thoroughly 
insulated by being coated with shellac varnish, and then 
covered with two or three layers of cartridge paper, which is 
also varnished. 

The Seoondary Coil generally consists of very fine 
silk-covered copper wire (No 36 B.W.G.) of consideiable 
length. It is very carefully wound along the varnished paper 
which covers the primary, then back again^ and so on; each 
layer is thwoughiy insulated by varnishing it and covering it 



Digitized by Google 



Currents produced by Induction 293 



with several sheets of varnished paper. The ends of the 
secondaty are terminated in binding-screws, S S'. Fig. 254 
merely gives a representation of the secondary by means of the 

thin lines terminated in S S'. Of course there are many layers 
of wire. 

The coil is then covered with a sheet of velvet or thin 
vulcanite. 

The Contact-breaker consists of two parts :— • 

(1) A soft iron head, attached to a spring, F. 

(2) A brass upright, G, which carries a screw, H, armed 
with a platinum point By means of this screw the distance 

of the hammer head, E, from the end of the iron core can be 
varied. 

The Commutator, by means of which the current can be 
started, reversed, or stopped. A very convenient form is given 
in* Figs. 255 and 256, which are similarly lettered. It 
consists of a small ebonite or ivory cylinder, provided with 
two pieces of brass, E and F, which gradually narrow off as 




Fig. ass. 



shown in Fig. 255, so that E is not in metallic connection 
with F. The same pieces are represented in vertical section 
in Fig. 256. The cylinder can be turned either way on two 
brass axles, by means of a handle, M, so that £ or F presses 
on the spring P or Q. 

The axles are connected by a metal pin (shown in Fig. 256 
in a triangular form) with the brass pieces E and F, and are 
supported on brass uprights connected with the binding-screws 
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A and E The springs P and Q are connected vitfa tiie 



are attached. 

7'o establish th£ current, let E touch the spring P, and F 
the spring Q. The current then passes from the battery to 
the binding-screw C, up the spring P, enters the brass piece 
£, passes down the pin connected with the axle H, down the 
upright to A, thence through the win up through the 
axle and pin to F, thence down the spring Q, and so back to 
the battery. 

To rer^erse the current through Ac wire joining A and B 
(Fig. 256), all that is necessary is to turn the cylinder so that 
F touches P, and E touches Q. After the current has passed 
through P, it enters F, then passes through the pin and axle . 
down the upright G to through the wire to A, thence to the 
axle and pin to £, down Q, and so back to the battery. 

To stop the current the cylinder is placed as shown in Fig. 
' 255f 80 that neither £ nor F is in contact with the springs. 

In the instrument from which Fig. 253 is drawn, the com- 
mutator is replaced by a small brass disc, K, part of the edge 
of which has a projection. When the disc is turned this pro- 
jection may either come in contact with a spring or not, 
according as we require the current to be established or broken. 
The current, however, cannot be reversed by its means. 

The Condenser (Fig. 257) is placed in a box forming the 
base of the coil, and consuts of sheets of tinfoil separated by 
paper, soaked in paraffin. The sheets of tinfoil project 



beyond the ends of the paper, one set at s / sf and the other 

at ^ ^ e'\ so that the odd numbers form one coating of the 
condenser, which is connected with the hammer, £ (Figs. 253 





Fig. 957. 



Digitized by Google 



Currents produced by Induction 295 



and 254)1 and the even numbers« form the other coating, which 
is connected with the screw H. The object of the condenser 

will be understood from the following explanation : — When the 
primary current is broken, an extra current is induced in the 
primary coil. If the condenser is absent, this would pass as a 
spark between E and H ; with a condenser, however, the case 
is different, for, before it can give a spark, it must raise the 
condenser surfoces to the requisite difference of potential, and 
as the sur&ces have a large capacity, the extra current b used 
to charge the condenser, instead of producing the brilliant 
spark between E and H, but as the condenser surfaces are 
still connected through the primary coil and battery, it imme- 
diately discharges itself, now sending a current through the 
primary in the reverse direction, which neutralises all residual 
magneti8m,and greatly increases the eff cct i ve rapidity of the break. 

Action of the GoiL — Suppose that the cuirent flows in 
the direction of the arrows (Fig. 254), it enters at the binding- 
screw N, ascends the spring F, passes through the screw to G, 
thence to the commutator K, through the primary back to the 
binding-screw M and the battery. When the current flows 
through the primary, two important results take place — 

(i) an instantaneous inverse current is induced in the 
secondary coil ; 

(3) the core is magnetised. When the latter occurs, the 
hammer head, £, is attracted, and the current therefore ceases, 
immediately producing an instantaneous direct current in the 
secondary. When the current in the primary ceases, the core 
loses its magnetism, so that E falls back, which at once re- 
establishes the current These actions recur during the time 
the current flows. 

Experiments with the Induction GoiL LuminouB 

£ffects. — Exp. 189. Place the terminals of the secondary coil near 
together. Notice that a series of bright sparks are produced, the length * 
of which depends upon the size and power of the coil. 

Discharge through Rarefied Gases. — Exceedingly beau- 
tiful effects are produced when the discharge from an induction 

^ Mr. Spotliswoode*s induction coil (the largest yet made) gave a spark 
42 inches long, when worked with a Grove's battery of 30 ceUs. The 
Iragth of the secondary coil was 2S0 miles* 
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coil is passed through rarefied gases or vapours. These 
phenomena are best studied by means of Gdsskt^s tuhes (Fig. 
258). These tubes are made of glass, having a platinum wire 



N P 




Fig. 258. 



fused through each end, the outer portion of which is made 
into a small loop, while the inner passes into the tube and 

sometimes terminates in aluimnium-foil eiectiodes. 

If the tube, before exhaustion, is connected with the 
secondary of an induction coil, no effect is produced, because 
the air offers too great a resistance to allow the discharge to 
pas& As the air is gradually removed by means of a Sprengel's 
air«pumpy the resistance diminishes, until, when the pressure 
has fallen to about half an inch of mercury, a feeble dischaige 
begins to pass through the tube, becoming first visible as a 
faint glow near the terminals. As exhaustion proceeds, this 
luminosity gradually increases, and long thin undulatory threads 
of light extend from terminal to terminal until, gradually 
expanding, they form one luminous column, which begins at 
the positive terminal and reaches to within a short distance of 
the negative one, the latter terminal being surrounded with a 
bright glow. After this stage is reached, the long positive 
column begins to divide into numerous thin distinct discs or cup- 
like patches of light, known as siri(By having their convex sides 
facing the negative pole. These gradually increase in size, and 
move further from each other. Meanwhile, the negative glow 
has separated slightly from the surface of the terminal, leaving 
a sharply defined dark space, which enlarges as exhaustion pro- 
ceeds. When this dark space is about half an inch in diameter, 
the glow around it becomes indistinct, both in outline and 
luminosity, while the striae diminish in number and sharpness 
of outline, but increase in thickness. As the exhaustion pro- 
ceeds, the column of strice shortens, receding from the negative 
end, and fades in brilliancy until only a few indistinct remnants 
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are left near the positive terminaL These at length disappear, 
and the whole tube is now comparatively dark. If, however, 
exhaustion be canied still further, new phenomena appear. 
The tube itself, if made of German glass, becomes brilliantly 
luminous with a yellowish-green phosphorescent light. At this 
pressure a number of interesting results, chiefly discovered by 
Crookes, may be obtained. Lime, chalk, alumina, diamond, 
ruby, and many salts and minerals, when placed near the 
negative pole in such a vacuum, shine with a phosphorescent 
light of various colours, the emitted light in certain cases giving 
a characteristic spectrum. If the exhaustion is still continued, 
the discharge has increasing difficulty in passing, until at an ex- 
ceedingly low pressure the tubes become totally nonconducting/ 
At a very early stage in the exhaustion, different gases give 
diff'erent colours ; e.g. coal gas is green ; air or nitrogen, pink, 
with a very bright violet glow round the negative electrode ; 
carbon dioxide, white ; hydrogen, blue in a wide tube, crimson 
in a narrow one; but all these colours decrease in brilliancy as 
the exhaustion proceeds, approximating more or less to a whitish 
tint 

Meehanloal Sffeet— Ssp. 190. Hold a piece of paper or card- 
board between the terminals of the secondary coil. Notice that the paper 

is perforated. 

Heating Effect.— Exp. 191. Attach two very fine iron wires to 
the terminals, and take a short spark between them. Observe that the 
end of one wire becomes white hot and fuses Into a globule, and that the 
end of the other wire remains comparatively cooL 

Ohemical Effect.— Sip. 192. Fint fiU a eudiometer with 
mercury, and then allow two volumes of hydrogen and one of oxygen to 
enter the tube. Carry out the precautions mentioned in Experiment Il8. 
Attach the loops of the eudiometer, by means of wires, to the terminals 
(^the secondary coil. On passing the spark, observe the him (tf moisture 
on the sides of the tube due to the formation of water, and that on opening 
the bottom, the tube is filled with mercury. 

TrauBformera.— We have already shown that the work a 
current is capable of doing is measured by the product of its 

E.M.F. and its current-strength (/>. using practical units, the 

' It ought to be mentioned that the resistance of the tube gradually 
falls with decreasing pressure up to a certain point, and then increases 
again until it becomes totally non-conducting. For hydrogen the 
pressure of least resistance = *6 mm. of mercury ; for air, it is slignUy less 
than *4 nun* 
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product of its volts and ampbres). We may have one current 
of 50 amp^es at 1000 volts, and another current of 1000 
amperes at 50 volts, and in both cases the energy expended 

to produce them and the work they are capable of doing will 
be the same, although one form may be more convenient for 
a particular purpose than the other. For instance, if we wish 
to transmit electrical energy from one place to another at 
some distance from it — say, to light a town five miles off— 
although it b much cheaper to keep the current small and the 
E.M.F. as high as possible (because a thinner and less expen- 
sive wire may be used to convey it, and because the loss of 
energy in a wire increases with the square of the current), it 
cannot, in that form, be used with advantage, as for electric 
ligliting it is more convenient to employ as many amperes as 
possible at an E.M.F. rarely exceeding xoo or aoo volts. 

Now, just as we can exchange a sovereign for smaller coins, 
or small coins for a sovereign, the money in each form having 
the same value, so we can exchange one current for another of 
different amperage and voltage, both having the same energy, 
with just a slight unavoidable loss in the transformation. An 
instrument to do this is known as a transformer , which, like an 
ordinary Ruhmkorffs coil, consists merely of two coils wound 
on the same iron core. Commercial transformers, however, 
differ from induction coils in (i) the ratio of the number of 
turns on the primary and secondary being usually less than that 
on induction coils, and (2) the method of winding the coils 
and the construction of the iron core being designed so as to 
secure efficiency of transformation. 

The first transformer was invented by Faraday in 1831, and 

consisted of two separate coils wound on 
a soft iron ring (Fig. 259). He wound 
72 feet of bare copper wire (of about 18 
B.W.G.) in three helices, one over the 
other, and insulated by layers of calica 
The ends of each helix were brought out 
so that the coils could be used either 

Fig. 999. 

together or separately. On another part 
of the ring, he wound 60 feet of wire in two helices, which 
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were then connected in series with a galvanometer. When the 
three helices were joined in series, and connected with a battery 
so that they foraied the primary, there was a sudden deflection 

of the galvanometer needle in the secondary. The needle soon 
came to rest, but when the circuit was broken, it wa^ suddenly 
deflected in the opposite direction. 

In any transformer, it is immaterial whether one coil be 
woimd over the other, or separately^ or whether a straight bar 
be used instead of a ring ; in foct, in practice all these forms 
are used. 

If a steady current be sent through one coil, the inductive 

effect on the second coil will be at making and breaking 
only ; but if an alternating current be used, a current is 
induced in the other at each alternation, without using a 
contact-breaker. 

The law connecting the primary current and m the induced 
current can be stated in simple form. Let us suppose that 
one coil has 10 turns, and the other coil zoo turns of wire, 
and let the lo-tum coil be used as the primary. The induced 
current will then have ten times the E.M.F. of the primary 
current, and the number of amperes will be 10 times less. 
If the I co-turn coil be used as the primary, the induced 
current will have ^ the £.M.F. of that of the primary, 
and xo times more amperes. Thus, the transformation is 
independent of the length of the coils and of the absolute number 
of the turns in the coil, dependmg simply upon /A^ ratio 
between them. In this simple statement it is assumed that 
the wire of the shorter coil is increased in thickness in pro- 
portion as it decreases in length, in order that it may carry 
the extra number of ampbres. 

A Ruhmkorfifs coil is a transformer designed to raise a 
current of a battery at small E.M.F. to an induced current 
at an KM.F. of some thousands of volts, hence the secondary 
must have many turns. In commercial transformers the 
reverse action is usually required, and so the primary is 
generally the longer. 
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EXBRCISB XXV. 

1. Describe the constnictton and action of an induction coil (either 
*' medical," or of l\.uhmkorff*s con8tniction)t pointing out the purpose of 
each of its essential pa.rts. 

2. The binding-screws of two astatic galvanometers, a considerable 
distance apart, are connected by wires, so that their coils form a con- 
tinuous circuit. If the needles of one galvanometer are moved, those of 
the other are dbturbed. Explain fully this effect. 

3. Two equal magnets, each bent into a semicircle, are fastened 
together with like poles in contact, so as to form a complete circle, and a 
copper ring, through whidh one of the magnets had been thrust before the 
two were fastened together, is carded round and round the circle at a 
uniform speed. Show how the currents induced in the copper ring by the 
magnets vary in strength and direction as the ring passes di{ferent parts of 
the magncuc circle. 

4. A metal ring is put round the end of a bar magnet. V^n bringing 
a mass of soft iron near to this end of the magnet, a current is produced 
in the ring. Show what motions {a) of the magnet and (d) of the ring 
will produce a similar current in the absence of the soft iron. 

5. A piece of wire is bent into the form of a rectangle, and the ends are 
Joined. It is laid upon a horisontal table with two sides pointing magnetic 
north and south. If the rectangle be turned about the east side as a hinge 
so as to lie on the table to the east instead of to the west of it, what will 
be the direction of the current which circulates in the wire during its 
motion, in consequence of ihe earth's magnetism ? 

6. Explain how it is that a disc of copper, revolving in a horiaontal 
plane below a magnetic needle, causes the neiedle to turn in the same 
direction as the disc. 

7. When a circular metallic hoop is rotated in the earth's magnetic 
field, electric currents are generally produced in it In what positions of 
the axis of rotation will the induced currents be the greatest and least 
respectively ? Give reasons for your answer. 
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CHAPTER XXI. 

THE ELECTRIC TELEGRAPH, TELEPHONES^ AND 

MICROPHONES. 

The most important application of electro-magnetism is 
the electric telegraph, by means of which messages are trans- 
mitted from one place to another at a considerable distance 
apart. The essential parts in any telegraphic system are — 

(1) Circuits^ or lines of wire connecting the two placeSi 

(2) Batkries to generate the current 

(3) Instruments for sending and receiving the signals. In 
a single needle instrument, these consist of — 

{(i) a commutator' for sending the signals, and 

{/)) a dial or indicator for receiving them. 

Circuits. — ^At first two lines were employed, one being 
used for the current to' pass to the receiving station, and the 
other for the current to return to the battery. At the present 
time, only one wire is used, each end of which, as stown in 
Figs. 270, 273, is in conducting communication with a plate 
sunk to some depth in the earth. Owing to the presence of 
moisture, mineral veins, etc., the earth is a conductor, and 
although it is a poor one, tlie enormous cross-section available 
keeps the resistance between the earth plates at a compara- 
tively low value. 

The kind o( wire in the circuit depends on the use to which 
it is put, for example — 

Overhead wires are made of galvanised iron, \ inch in 
diameter (No. 8, B.W.G.), and are insulated by means of 
porcelain insulators, which are fixed to poles and buildings. 

Undcf ground zvircs in towns are made of copjjer, insulated 
by guttapercha or indiarubber, which are placed in iron or 
earthenware pipes. 
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Submarine cables^ in which great strength and complete 
insulation are necessary, vary somewhat in construction, 
although the principle involved is the same in all. Fig. 261 
represents a transverse section of the longitudinal piece of 
an Atlantic Cable shown in Fig. 260, which consists of a 




Fig. 260. Fig. 261. 

core of seven copper wires, each about of an inch in 
diameter, insulated by being covered with alternate layers of 
guttapercha, and of a mixture of tar, guttapercha, and resin. 
This is covered with hemp, and then wrapped round with a 
coiled sheath of steel wires. 

With " single current " working, the line, at the station 
from which the message is sent, is connected with the positive 
pole of the battery ; while at the receiving station the current 
passes through the instrument, and then flows "to earth" by 
means of a wire and plate (Fig. 270). 

Batteries. — Although Leclanche's cells are now coming 
into nshf the battery usually employed in England is the 
Daniell's. It consists of a teak trough (2 feet long, 6 




Fig. 268. 



inches wide, and 5^ inches deep), divided into ten cells 
(Fig. 262), separated from each other by slate partitions, and 
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coated throughout with marine glue. Each cell is divided 
by a porous partition into two parts. A zinc plate, Z (Fig. 263), 
is connected by a copper 
strip, bent round the slate 

partitiuii, with a copper 
plale. Crystals of copper 
sulphate are placed in each 
cell between the porous par- 
tition and the copper plate, 
and water is then poured over 
thenu In practice, only pure 
water is added in that part 
of the cell containing the 
zinc, because zinc sulphate 
is lormed spontaneously in the cell, if it be allowed to stand 
about two days before use. 



The Single Needle 
Instnunent. — ^This con- 
sists of a galvanometer 
fixed vertically in a case 
having a dial like a clock, 
and provided wkli a com- 
mutator. Two forms of 
instrument are in common 
use, the difference merely 
consisting in the arrange- 
ment of the sending por- 
tion, one having a tapper 
(Fig. 364), and the other a 
drop handle (Fig. 265, in 
which the outer case is 
removed). 

(a) The Galyauome- 
ter (A, Fig. 265) consists 
essentially of a coil of fine 
silk-covered copper wire, 
in which is placed a verti- 
cal magnetic needle^ capable of deflection to the right or 




Fig* afS4. 
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left, according to the direction of the current The magnetic 

needle is connected with a 
steel indicator placed on the 
face of the dial (Fig. 264). 
One terminal of the coil is in 
connection with the line, and 
the other in connection with 
the commutator to ** earth." 

{b) The Dial or Indi- 
cator. — The dial has usually 
the code of signals printed 
upon it — e.g. / is indicated 
by a deflection to the right; 
e by one to the left ; m by two 
deflections to the right ; a 
by one to the left, followed 
quickly by another to the right; 
and so on, the letters occur- 
c ring most frequently being the 
ones most easily signalled. 
Two stops (about an inch 
apart), represented by the 
two small circles on the face (Fig. 264), are placed in these 

positions to prevent the indicator, and 
the needle with which it is connected, 
being deflected too widely. 

(^r) The Commutator or Current 
Reverser has two forms : — 

(1) The drop handlcy which, when 
hanging vertically, breaks contact with the 

D battery, but when moved to the right or 
left deflects the needle in those directions. 

(2) The tapper or pedal^ which will be 
easily understood by reference to Fig. 266. 
The tappers, E and L, are two brass 
springs, E being in connection with the 
earth, and L with the line. They lie be- 

Fiti. 266. tween two metal strips, C Z, C being in 




Fig. 365. 
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connection with the positive pole of the battery, and Z with 
the negative pole. When the tappers are at rest they press on 
2^ When L is depressed, so that it touches C, the circuit is 
completed, and a current passes from C through the line and 
coils of the receiving instrument at the distant station, where it 
enters the earthy and so returns to Z. When £ is depressed, 
and L in contact with Z, the current flows in the opposite 
direction, so that the needle at the distant station is deflected 
in the opposite direction. 

Electro-magnetic Instruments. — In these instruments 
an electro-magnet is emploved instead of a galvanometer, as 
described in the needle instrument. The Morse Instru- 
ment is the one now generally employed* It consists of (i) 
the iranmiUer and (2) the receiver^ 

The Transmitter or Key is a simple contact-breaker, 
consisting of a brass lever, a b (Fig. 267), movable about a 
horizontal axis. On depressing the knob B, the lever comes 
in contact with the button connected with tlie positive pole 
of the battery, so that a current passes from the wire P, throus:h 
the lever and the line-wue to the distant station, the 




duration of which depends upon the time the lever is in contact 
with thus producing either a dot or a dash. When the 
pressure is removed, a spring lifts the lever, until it touches a 
button placed immediately below b and in connection with the 
wire A (leading cither to the indicator or to a relay), so that 
a current passes from the line-wire L, through the lever, 
and the button to the indicator or the relay, 

Tlie Receiver.^The essential part of the instrument 

X 
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consists of an electio-magne^ which^ when a cuxzent passes 
round the coil, attracts an armature, a (Fig. 268), at the end 
of a lever, which is pivoted at C and moves between d md i. 

The instrument may be arranged as a sounder^ in which case the 
person, who is receiving the message, notices the duration of the 
clicks produced at d and c It may also take the form of an em- 




bosser^ which prints the signals upon a strip of paper moved by 
clockwork through the instrument The most modem form is 
that of an ink^wriUr^ in which the electro-magnet dips a small 
wheel into a reservoir of printer's ink, and then presses it against 
a paper ribbon, which is moved as before by clockwork. If the 
duration of the current is short, it prints a dot; if longer, a 
dash. 

The table on p. 307 gives the dot and dash and the singk 
needle alphabets. 

The Relay*— When a current has passed over a long 
distance, its strength becomes much weaker owing to leakage ; 
in iact, it may become so weak that it is unable to actuate 
the* armature a (Fig. 268). It then becomes necessary to 
introduce some contrivance, which will give assistance by 
means of a local current The instrument for this purpose is 
called a relay (Fig. 269), which consists of a delicate electro- 
magnet, having a coil of very fine wire. When the weak line 
. current passes through the coil, the electro-magnet attracts an 
armature, which closes a local drcuit, having a battery and 
receiver included. Thus the weak current brings into action 
a strong local current, which peiforms the necessary work. 



Digitized by Google 



The Electric Telegraph, Telephones, and Microphones 307 





SNGLB 

V 1' l* TIT C 




PBINTING. 


SIXGIX 
NEEDLE. 


A 


x/ 




N 


— — 


A 


B 






0 


— — — 


/// 


C 






P 


— — — — 


Jls 


D 


As 




Q 





it i 

IIJ 


E - 






R 


— — — 


g 

s/s 


F 






S 


— — 




G 


/A 




T 




/ 


H 


WW 




U 






I — 


w 




V 






J - 


J/l 








Jl 


K 


IJ 




X 






L 






Y 




A// 


M 


1/ 




Z 







In Fig. 269, E is an electro-magnet, through the coils of 
which the line current passes to earth. The soft iron arma- 
ture, A, is fixed at the bottom of a vertical lever, /, which 




Fic. 269, 



moves about a horizontal axis. At each oscillation of the lever, 
it comes in contact with the screw «, thus completing the 
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circuit of the local battery, the current of which enters at 
ascends wz, passes into the lever /, descends by the rod o to 
the binding-screw Z, then into the receiver, and so to the 
battery. By this means the battery transmits a local-current 
through the electro-magnet of the receiver, working it in the 
same way as the line-current would have done if it had been 
of the requisite strength. 

When the circuit of the line is open, the lever / is pulled 
from the screw « by a spring so that the circuit of the local 
current is broken. 

Arrangement for the Transmission of a Message. — 
At one station there is a battery, A (Fig. 270), the negative 




Fig. 270. 



pole of which is connected with the earth, and the positive 
pole with a key, D. When D is depressed (as in the figure) it 
breaks contact with the receiving instrument at that end, and 
the current passes along the line, through the key D' and the 
receiving instrument, where it produces a signal, and thence to 
the plate E, which is buried in the earth. 

The diagram represents the galvanometer arrangement ; 
the principle is the same, however, if a Morse instrument be 
used. 
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EleotroBtatio Induotion in Oable8.-^It was soon dis- 
covered that a considerable retardation occurred in the speed 

of signalling through marine cables, when they were of great 
length. This retardation is due, not to defective insulation, 
but to electrostatic induction taking place between the wire 
and the conducting sea-water through the insulating substances. 
To explain this action we may regard the cable as forming an 
enormous Leyden jar, the wire being the inner, and the water 
the outer coatmg. At first, therefore, the current is retained 
or accumulated on the wire as an electrostatic charade, instead of 
flowing through it, which, as each signal requires the cable to 
be charged to a certain potential, occupies a certain time.* 
On breaking contact, the cable is discharged through the 
receiving instrument, which occupies nearly the same time. 

Another cause of retardation, although materially less than 
that of electrostatic induction, is due to self-induction of the 
drcfuit (see p. 287). 

Thomson's Marine Galvanometer.—Sir William 




Fig. 91U 



Thomson devised the mirror galvanometer in order to obviate 
the difficulty in cable signalling. The general form of the 

' After contact is made in Ireland, no effect is detected in Newfound- 
land for I of a second. After | of a second, only 7 per cent, of the 
maximum current is received. After i second, the cunrent reaches half, 
and after 3 seconds it attains its maximum strength. 
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instrument has been already described (p. 249). The marine 
galvanometer (Fig. 271), however, is one which is unaffected 
by the pitching and rolling of a vessel ; and, as the essential 
portions are enclosed in a wrought-iron case, the influence of 
teixettrial magnetism is coonteiacted. It consists of a coil, B» 
of veiy fine wire^ the ends of which are terminated in bindii^- 
screws, E £. A very light magnet^ having a small mirror 
attached to it, is suspended at the centre of the coil a fihie 
of raw silk. Underneath the coil is a long curved magnet, N, 
which serves to damp the oscillations of the needle. A 
graduated scale, having a narrow slit underneath the zero, is 
placed about three feet off, and is used as explained on p. 
171. An exceedingly weak current passing round the coil 
will deflect the spot of light to one side or the other, according 
to the direction of the current 

Thm Syphon Recorder is an instrument by means of 
which very feeble signals, sent through a submarine cable, are 
made self-recording. The essential parts of the instrument 
are — (i) A light flat coil of insulated wire, through which the 
cable current passes, is suspended between the poles of a 
powerful magnet so that, when no current flows, its plane is 
in the straight line joining the poles. When, however, it is 
traversed by a current, owing to its magnetic 
condition, it is deflected one way or the other, 
/ I according to the direction of the current (2) 
/ "a capillary glass tube (Fig. 272), connected with* 
/ the coil by fine silk threads, has its short end 

/ dipping into a reservoir of ink, while the other 

Fio. a a Opposite a paper ribbon, which is moved 

along at a uniform rate* The ink vessel is 
electrified by a small frictional machine^ worked by the 
clockwork which moves the tape. When the ink becomes 
electrified, it spurts out of the tube on the tape, making a 
straight line if the syphon remains stationary. When, how- 
ever, the coil is deflected, the end of the syphon moves 
to the right or the left, and therefore makes a permanent 
record of every change in the current's direction and 
magnitude. 
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Duplex Telegrapliy.— There are two methods of simul- 
taneously transmitting two messages through one wire, one 
from each end, viz. : {i) the differ eniial method^ and (2) the 
Wheaistone bridge method. 

Fig. 273 will explain the general principles^ of the diffe- 
rential method, in which m and w' represent the electro-magnets 
of two Morse instruments, each having two coils wound in 
opposite directions (so as to form a differential galvanometer), 
one of which is joined to the line LU between the two 



A B 




Fig. 273. 



stations, and the other (represented by the dotted line) is in 
connection with the earth, E, through a resistance box, R. To 
work this system the two paths, R E and « L L' must offer 
equal resistances. The battery b has one pole to earth, E, and 
the other to the key Cy whence the current passes to a. The 
back contact of the key is also to earth.'' 

When the manipulator at B depresses the key his instru- 
ment is not affected, inasmuch as the electro-magnet has two 
equal and opposite coils; but at A there are two distinct cases 
to consider — 

(i) if the key c is not down, the current passes round the 
coil of the electro-magnet, and will flow " to earth " by the 

* For a complete account of duplex and quadruplex telegraphy, the 
itudent must coDsult a special manual. 
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path hac^'j the core, therefore, being magnetised, produces 
the signal; 

(2) if the key c is down, we have two currents sent in 
opposite directions from A and B, so that the flow along the 
line a L L' fl' will cease. Although this occurs, a current 
passes at both A and B to earth through the (dotted) coil, 
which, being no longer counterbalanced by an opposite cur- 
rent in the line-coil, acts on the armature and produces the 
signal. 

Electric Bell. — This instrument consists of an electro- 
magnet (Fig. 274), one end of the coil of which is in connec- 
tion with the binding-screw nty to 
which is also attached the wire 
passing from the ^^push.^^ The 
other end of the coil is connected 
with a spring, r, attached to an 
armature, a \ this again is pressed 
by the spring C, connected with 
the binding-screw /z, which leads 
a wire to the negative pole of a 
battery of one or two Leclanchd 
cells. The positive pole of the 
battery is connected by means of 
a wire with the " push." 

When the "push " is pressed, 
the circuit is completed, and a 
current flows round the electro- 
magnet, causing the armature a 
to be attracted. When this takes 
place, the clapper, P, being car- 
ried by the armature, strikes a gong, T ; and contact being 
broken between a and the spring C, the current ceases and 
the magnet no longer acts. The spring c now comes into 
play, bringing the armature back to C, thus completing the 
circuit again. E again attracts a, and so on during the time 
that the " push " is pressed. 

Telephones and Microphones. — Reis of Hamburg was 
the first person to construct an instrument for the electrical 
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transmission of sound. His apparatus, although fairly successful 
with musical notes, only imperfectly reproduced speedv mainly 
owing to its faulty receiver. The sending arrangement of the 
instrument depended upon the alteration of a loose contact 
under the influence of sonorous vibrations, and was identical 
in principle with the best modem transmitters. 

The well-known Bell telephone, shown in section in 
Fig. 275, was mvented in 1876, and its construction is still 
practically unaltered. A permanent steel magnet, M, having 
a coil of fine silk-covered copper wire, B, wound round one 
end, is supported in a wooden case. The ends of the coil 
pass through longitudinal holes ip the case, and are connected 
with buiding-screwsy C C In front of the magnet a soft iron 




Fig. ft7j. 



disc, D, is fixed, so that its centre almost touches the magnet 
pole. This disc, or diaphragm, is screwed down by the mouth- 
piece E. If the ends of the coil are connected in a closed 
circuit, any movement of the diaphragm in front of the pole 
will excite momentary induced currents in the circuit, their 
strength and direction varying with the movement of the disc. 
This action will be easily understood from the following 
explanation • — ^The soft iron disc D is magiietised by the 
induction of the magnet M. When the mouthpiece is spoken 
into, vibrations of the disc are set up, which give rise to altera- 
tions in the ma^^netism of the magnet M, the effect being 
that currents are induced in alternate directions in the coil B. 
The existence of these currents can be demonstrated by 
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Fig. 976. 



attadiing the telephone terminals to a ddicate galvanometer, 

and then pulling off the iron disc. 

A more recent form of telephone is shown in transverse 

section in Fif^. 276, and in longi- 
tudinal sectiou in fig. 277. This 
form is very compact in constrao 
tiout being about the shape and 
sixe of an oxdinaiy watch. The 
permanent magnet is a nearly 
semicircular disc of steel, B, placed 
with its poles in contact with soft 
iron pieces, A, round which the 
coils are placed. In principle, it 
is identical with the Bell telephone^ 
and the explanation of its action 
is the same, except that 60th poles 
are employed. 

Suppose that the coils of two telephones are connected 

together by wires, so as to form 
a complete circuit. If one is 
spoken into, the sound-waves 
set in motion by the voice 
impinge upon the disc and 
cause it to vibrate^ thus in- 
ducing currents which pass 
through the coils of both in- 
struments. In the remote 
telephone these currents, ac- 
cording as they flow in one direction or the other, tend either 
to strengthen or to weaken the permanent magnet, thus alter- 
ing its pull on the iron disc, and causing it to vibrate in a 
manner exactly similar to that of the first disc. It will be 
noticed that in this arrangement no battery is needed, as the 
instruments themselves generate the current whose vibrations 
are used to reproduce speech. 

The Microphone consists, in principle, of a loose or 
imperfect contact interposed in a conducting circuit. It is 
found by experiment that slight alteration of the surfaces in 




Fig. 277. 
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contact^ or slight differences in pressure between them, cause 
the resistance at the junction to vary to a considerable extent, 
which, of course, pro- 
duces similar variations 
in the current. Any 
conducting material may 
be used for the loose 
contact, but carbon is 
found to be particularly 
widl adapted for the 
purpose. In * Fig. 278 
is shown Hughes' origi- 
nal form of microphone, 
which merely consists of 
a carbon pencil, D, with 
pointed ends loosely 
fixed between two car- 
bon blocks, C C 

If the microphone be connected in circuit with a battery 
and telephone (Fig. 279), and any sound be produced near 
it, the sound-waves, falling 

upon the carbon pencil, will ^vrff^Trv^pr-ffTr^n^L 
cause it to vibrate slightly. ^ 
The alterations in resistance 
thus produced result in a 
varying current through the 
telephone, which reproduces 
the sound in the usual man- 
ner. To transmit very feeble 
sounds or vibrations, such as 
the ticking of a watch, the -carbon pencil must be delicately 
balanced ; for spoken words or louder sounds, a coarser adjust- 
ment is necessary to give good results. 

In practical telephone working, a microphone is nearly 
always employed as a transmitter, and a Bell telephone as 
receiver, and it is also customary to use induced currents 
of higher E.M.F. in the line wire between the two stations. 
Fig. 280 shows the general arrangement, but for the sake 




Fig. 979. 
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of simplicity the call bells and connections at both ends are 
omitted. The transmitter A, here shown, is very similar in 
construction to the microphone just described, and althou^ 
many forms are used, they are alike in principle It will be 
noticed that the transmitter is in circuit with a battery, B, and 




Fig. sSoft 



the primary of a small induction coil, C ; and that the receiv- 
ing telephones, D, are in circuit with the secondaries of the 

coils through the intervening line wire, L, the circuit being 
either completed through the earth, K, as shown in the figure, 
or by means of a return wire. 

The effect of speaking into the transmitter, at either end, 
is, therefore, to set up a rapidly varying current in the primary 
of its induction coil, thus inducing a corresponding current of 
higher E.M.F. in the secondary wire, which, passing through 
the long circuit, reproduces speech in the telephone at the 
remote station. 

Other methods of transmitting speech are interesting 
theoretically. Preece has used, as a receiver, a long thin wire 
attached at one end to a fixed support, and at the other to 
the middle of a thin membrane which serves as a diaphragm. 
As the current varies under the influence of the transmitter, 
so the temperature of the wire varies, which, of course, causes 
it to expand and contract in length, thereby setting in vibration 
the diaphragm to which it is attached, tiie changes in the 
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length of wire oocturiag with sufficient rapidity to reproduce 

speech. 

Bell succeeded in transmitting speech without any con- 
necting wire, using a ray of light as the medium of communi- 
cation between the two stations. In this case, a mouthpiece is 
attached to a thin silvered diaphragm, upon which a beam of 
light is thrown in such a manner that it is reflected to the 
receiving instrument. This consists of a parabolic mirror^ 
with a special contrivance, known as a selenium cell, placed 
in its focus, and in circuit with a battery and telephone. 
Speaking into the mouthpiece sets the mirror in vibration, and 
thus an intermittent beam of light is reflected to the remote 
station, where it falls upon the selenium cell. Selenium is a 
substance whose electrical resistance diminishes when exposed 
to light, and therefore, as the intermittent beam of light falls 
upon it, it varies in resistance, and thereby varies the current 
through the telephone where tiie spoken words are reproduced. 
This instrument is called the Fhotophone. 

A similar result has been obtained without using a baLLery 
or a telephone, a prepared plate itself reproducing the sound 
when the light falls upon it. 

EXBRCISB XXVI. 

1. Describe the eoostnicdoii and explain the use of a relay. 

2. What is meant by electrostatic induction in cables. 

3. Describe the construction and explain the action of an electric 
beU. 

4. Describe Bell's telephone, and explain how it transmits and repro- 
duces the vibrations. 

5. Describe the microphone and the photophone* 
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CHAPTER XXII. 

AfA GNETO-F.LECTRIC AND D YNAMO-ELECTRIC MA CHINES, 
ELECTRO-MAGNETIC MACHINES, 

The principle involved in the discovery of magneto-electric 
induction, i.e, the induction of currents by the movement of a 
conductor in a magnetic field, was soon applied in the con- 
struction of machines. When the 
magnetic field is produced by a per- 
manent magnet, the machine is 
called a magnet(h€Uctric machine. 
Of these, Clarke's machine is the 
simplest, and is still employed in 
modified forms for medical purposes. 

Clarke's Machine. — One type 
of this machine is shown in Fig. 281. 
The field is produced by a i>er- 
manent magnet, A. In front 
of the poles, and as close to 
them as possible, an arma- 
ture, B F, rotates. This ar- 
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mature is simply a horse-shoe electro-magne.t of soft iron, with 
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coils of wire — ^wound in opposite directioDS— on the two cores, 
two ends of which are joined as in ordinary electro-magnets, 
and the other two ends left free. If these two ends are con- 
nected to two insulated rings on the shaft, the induced currents 

may be collected by two springs pressing on the rings. 

In order to find the direction of the current, consider one 
coil, B, as in Fig. 282, which is moving away from a north- 
seeking pole, a. From Lenz's law, we see that the induced 
current must be such as to present a south-seeking pole to 
in order that the attraction between them may resist the 
motion. (The contrary appears to be the case In the figure, 
but we must remember that we are looking down on the coil, 




Fig. aSa. Fio. S83. 

which is the north-seeking pole.) as it moves on to approach 
the south-seeking pole h (Fig. 283), the induced current must 
be such as to present a repulsive S-seeking pole, and hence 
will still move in the same direction. When it has passed the 
S-seeking pole, an attractive N-seeking pole is induced to 
resist motion, and so we learn that the induced current alters 
its direction in each coil just as it passes each pole. It is 
in one direction during the upper iialf of each revolution, 
and in the other direction during the lower half; and we, 
therefore, get an alternating current in the outer circuit, 
which reverses its direction twice in each revolution. If a 
uni-direction current is required, a commutator must be sub- 
stituted for the two springs. This is simply a ring cut aaoss 
in two places, so as to form two half-rings. These must be 
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insulated from the shaft and from each other, and must be so 
fixed that the collectors cross the slits, just as the coils cross 
the poles. By this arraDgement, the connections are reversed 
•imtiltaneously with the change in the current's directioa, 
and therefore a contmuous current is obtained in the outer 
circuit. 

Such an armature has many defects. Its construction is 
bad mechanically, and it does not rotate in the strongest part 
of the field. Siemens was the first to invent a really well- 
designed armatiure, which is shown in Fig. 284, and in cross 




Ftc 284. 



section in Fig. 385. The core consists of a cylindrical bar of 

soft iron, with a deep groove extending longi- 
tudinally round it, in which the wire is wound. 
The pole-pieces of the field magnet are curved, 
so that they form a tunnel round the whole 
length of the armature. This armature, how- 
ever, in its simple form is unsuitable for large 
machines^ although it has become the parent of 
the " drum "-type armatures referred to further on. 

Self-Exciting Principle. — The permanent field magnets 
which produced the field soon gave place to electro-magnets, 
which, at first, were excited from an external source ; it was, 
however, soon found possible to excite them by utilising the 
whole or part of the current induced in the armature. The 
residual magnetism, ie. the magnetism retained by the soft iron 
cores, was sufficient to produce a current in the wire of the 
armature. The whole or part of the induced current was then 
passed round the coils of the field magnet, which, of course, 
increased the magnetism in the cores, and, therefore, the 
strength of the field. This, in turn, induced a greater current 
in the armature, and so on, until it rose to a maximum for 
the particular speed of rotation. 
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Such a machine is called a dynamo^ of which there are 
two classes : (i) producing a continuous current, and (2) pro- 
ducing currents alternating in direction many times per 
second The latter, however, are not self-exciting. 

In continuous-current dynamos two forms of armature are 
mainly used: (a) the ^^drum^* armature (derived from the 
simple Siemens' armature, just described), and {j>) the ring^* 
or gramme armature. 

The Gramme Machine. — ^The armature in this machine 
consists of a ring of soft iron— originally made of a coil of 
soft iron wire, but now generally built up of thin rings, stamped 
out of sheet iron — wound with a number of coils of copper 

Fig. a86. Fic. 387. 

wire. Fig. 286 is a diagram of the ring, with two coils 
wound upon it, while Fig. 287 is the 
complete armature and commutator. 
One end of each coil is joined to the 
beginning of the next, as shown in Fig. 
3^8, and at each junction the two ends 
are connected to a bar of the commu- 
tator, which merely consists of a num- 
ber of straight bars of metal, carefully 
insulated from each other — there being fig. asa. 

as many bars as there are coils. 

To the terminals / c (Fig. 289 ^) are connected two metal 
brush collectors, which press, above and below, upon the 
insulated bars of the commutator. The number of coils on the 
armature varies with circumstances ; but the larger the number, 
the less wiU be the difference of potential between two con- 

* Thi<; is a Imnd machine of no piactical use, except for explanatory 
purposes in a laboratory. 
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secutive bars, and thus there will be less tendency to injurious 




Fig. 289. 



sparking as the brush collectors pass from one bar to the next. 




V J 

Fig. 290. 



Fig. 290 is a typical diagram showing the construction of a 
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modem dynamo with gramme armature. It must be under, 
stood that the shape and design of the field magnets may be 
varied almost indefinitely, provided that certain fundamental 
principles are adhered \o^e^. they should be of sufficient cross* 
section to aflford ample room for the lines of force, and as 
short as possible consistent with winding on the proper 
amount of wire. 

The action may be explained as follows .-—Suppose the 
annature revolves between the poles of a magnet as shown in 
Fig. 291. Then, stationary 
magnetic poles are induced in 
the revolving iron^ and if the 
ring has wire coils wound 
round it^ the same effects are 
produced as if the ring re- 
mains stationary and the me 
coils move over it. The induced currents in the coils may be 
considered as due partly to the magnetism of the core, and 
partly to the direct effect of the pole-pieces, both influences 
causing the induced currents to coincide in direction. 

The easiest way of ascertaining the direction of the currents 
in the armature is to consider the effect of the iron ring alone, 
and then to apply Lens's law. 

We may regard the ring as composed of two permanent 
magnets with like poles in con- 
tact Let us suppose that the wire 

coils are rotating in a clockwise 

direction (Fig. 292, in which, for 

simplicity, only four coils are 

shown). 

Coil X is approaching a south- 

seekmg pol^ and in order that 

the induced current may resist 

the motion which produces it, the 

coil must present another south- 
seeking pole to the stationary 

pole on the ring. 

Coil 2 is leaving a south-seeking pole, and the induced 
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current must present a north-seeking pole to retard the 
motion. 

' Coil 3 is approaching a north-seeking pole, and must, 
Uierefore, present another north-seeking pole to it 

CoU 4 is leaving a north-seeking pole^ and must present 
an attractive south-seeking pole to it 

To explain the direction of the current in the coils due to 
the field magnets alone we shall adopt the following method : — 
When we look along the lines of force in the positive direction 
(/>. the direction in %vhich a free N-seeking pole would tend 
to move) the mduced currents will be in the positive direction 
(clockwise) when the number of lines of force through a cofl 
are decreasing, and in the opposite direction when the number 
of lines of force are increasing (see p. 388). 

Consider coil I (Fig. 293). The positive direction along 
the lines of force will be from N to S, hence we must look at 



the coil from the field magnet N. The number of lines of 
force is evidently decreasing, and therefore the direction of 
the induced current is positive or clockwise. 

In coil 2 the number of lines of force is increasing, and 
80 tiie current will be in the negative direction, as marked, but 
as^ the coil has turned so that we look upon the other end of 
the current is in the same absolute direction as in coil i. 




Fig. 893. 
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In coil 3 the number of lines of force is decreasing, and • 
the induced current is positive. 

In coil 4 the number is increasing, and the current is 
negative, but here again, as we are looking at the other end, the 
absolute direction is the same as that in coil 3. 

Now, comparing Figs. 292 and 293, we observe that the 
currents are respectively in the same direction in both cases. 

By the same methods the directions of the current in any 
number of coils may be found, and it should then be noticed 
that the current is in the same direction in all the coils on one 
side of a vertical line drawn through the armature, and in the 
opposite direction in all the coils on the other side of the 
vertical line, and if the collecting brushes are placed in 
the positions B and B^, a continuous current will pass in the 
outer circuit from Bi to B, as long as the armature is in 
motion. 

Brush Machine (Fig. 294). — It must not be supposed 
that the coils of a ring armature are necessarily arranged in 
the way just described. As an instance of another method 




Fig. 294. 



the Brush armature may be mentioned. In this machine the 
armature is more like a flat disc, and the pole-pieces of the 
magnets M, M', are placed at the sides. Only eight coils are 
used, which are wound in deep grooves to receive them 
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Pig. S9S^ 



(Fig. 295)j and one end of each coil is connected to the coil 
on the opposite side of the ring, thus leaving two free ends 
for each opposite pair of coils. Four split rings are arranged 

on the spindle^ one for each pair of coils, 
and to these rings the free ends are 
connected. Two brushes press on each 
of the four rings, and the eight brushes 
are connected in series, so that the cur- 
rent circulates through all the coils, and 
a special arrangement of the rings cuts 
eadi pair of coils out of circuit during 
the two periods in each revolution when 
it is producing no current In practice one brush is made to 
rest on two commutators ; hence in the figure only two pairs 
of brushes are shown, instead of four pairs. 

Drum Armature. — As already stated, the drum armature 
is derived from the Siemens' armature previously described. 
It differs from the gramme type in the fact that the coils do 

not pass through the ring, but 
are wound upon the outside. 
Fig. 296 is a section of a drum 
armature wound with four 
coils, although many more are 
used in practice. A A^, B Bj, 
etc., are the two ends of each 
coil • There are as many bars 
on the commutator as there 
are coils, and the method of 
connecting them is shown in 
the figure. It will be seen 
that there is a closed circuit, 
and, as in the gramme arma- 
ture, the current wiil be in opposite directions on the two 
halves of the circuit It should also be noticed that the end 
connections in Fig. 296 do not overlap symmetrically. In 
modem practice, however, it is usual to adopt methods of 
winding which avoid this defect Such methods are identical in 
principle, but they would require a more complicated diagram. 
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MethodB of Winding Field Magnets. — Dynamos may 
be classified according to the manner in which the magnetism 

is induced in the field magnets. It may be induced by a 
separate or independent source of current, when they are 
called separately excited machines. When the current induced 
in the armature is led through the coils of the field magnets 
they are called self-excited machines. The latter class may be 
either ^ series/' *^ shunt/' or " compound " machines, accord- 
ing to the method in which the field magnets are wound. 

In a series-wound machine (Fig. 297) there is only one 
circuit, the current passing 
through lamps, armature, and 
field magnet coils in series. If 
therefore the outer circuit is 
interrupted, the field magnets 
lose their magnetism, as no 
current can circulate through 
their coils. When the resis- 
tance in the external circuit is 
greatest, the current through 
the field rnagnet coils is least, 
and so the machine is unable 
to excite itself properly if the 
external resistance exceeds 
a certain limit Hie coils 
on the field magnet, having 
to cany the whole of tlie 
current, consist of thick 
wire of moderate length, the 
total resistance of which 
should be slightly less than 
that of the armature. 

In a shunt-wound ma- fio. a9^ 

chine (Fig. 298) the field 

magnet mm and the outer circuit are both connected to the 
armature, so that the current is able to traverse either path ^ con- 

sequently the ai matui e current is divided into two parts, one part 
passing through the shunt and maintaining the magnetism of the 
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field, and the other part passing through the outer circuit to 
be used as required. In this case the field magnets must be 

wound with a considerable 
length of wire, whose resis- 
tance is several hundred 
times that of the armature, 
and if the total output of a 
machine is, say, twenty am- 
peres, probably only one or 
two ampbres will pass through 
the shunt, the remainder 
being utilised in the outer 
circuit. 

It must be remembered 
that the magnetism produced 
by a given winding does not 
depend absolutely upon the 
strength of the current nor 
upon the length of the wire, 
but that it is proportional to 
the number of "ampere- 
turns," i.e. upon the product 
of the current and the number 
of turns, so that the mag- 
netism produced by a series 
winding of large current and 
few turns, may be exactly the same as that produced by a 
shunt winding of small current and many turns. 

With a shunt-wound machine, it is evident that the current 
through the shunt will be greatest when the outer circuit is 
open, i.e, when its resistance is infinite ; and by diminishing 
the outer resistance too much, the current through the shunt 
may be reduced to such an extent that the magnets are no 
longer properly excited. 

The student will notice that exactly the contrary effect is 
produced by series winding, and by combining the two forms 
of winding we obtain the Compound machine. If the field 
magnets are wound with both a series coil and a shunt coil, 




Fig. 298. 
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the CLrrent will be greatest in the shunt when it is least in 
the series, and vice versd^ and hence by this method we can 
obtain a self-regulating machine which will adjust itself auto- 
matically to the number of lamps in circuit. 

Continuous-current generators may be divided into two 
classes — (i) constant-potential machines, (2) constant-current 
machines. The first class is adapted to incandescent light- 
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ing, where it is important to maintain a constant pressure in 
volts at the terminals of the lamps, the current meanwhile 
varying to suit the number of lamps in circuit. By compound 
winding in the way just explained, this result is obtained with 
comparative ease. The second class is employed only for 
lighting arc lamps in series, for, in this case, the same current 
passes through all the lamps, and therefore remains constant, 
the E. M. F. varying with the number of lamps in circuit. These 
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machines have automatic regulators en^lqyet^ and are usually 
''series'' wound, for it is impossible to construct a perfectly 
sdf-r^gulating constant-cunent machine by any method of 
compound winding. The Brush and the Thomson-Houston 

machines are designed to approximate to a constant current| 
and to supply a large number of arc Limps in series. 

Thomson-Houston Dynamo (Fig. 299). — This machine, 
owing to its exceptional construction and great commercial 
success, is especially worthy of mention. The field magnets 
are hollow cylinders of s<^ iron with raised flanges at the 
ends (shown in diagrammatic sketch, Fig. 300). A nomber 




Fic 300. 

of wrought-iron bars (so prominent in Fig. 299) connect 
these flanges together, thus forming the yoke of the magnet 
and the return circuit for the Imes of force. The pole- 
pieces are cup-shaped, and 
almost surround the spheri- 
cal armature (Fig. 301). 
On this ball axe wound 
three coils^ having three of 
their ends connected tc^e- 
ther at a point, D, and 
Fic 301. leaving the remaining ends 

free. The latter three ends 
are then attached to three segments, A, B, C, into which the 
commutator is divided. 

Upon the commutator rest four brushes, of which two on 
each side are connected together. These brushes are adjusted 
so that each segment is cut out of circuit when its corre- 
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spending coil is in the position of least induction — ^midway 
between the poles— in which case the otilier two coils are in 
series with each other. When all the coils are in circuity two 
are "parallel" with each other and "in series" with the 
third. 

The regulator is shown on the left of the machine 
(Fig. 299). This controls the E,M.F. by automatically alter- 
ing the position of the brushes. 

These machines axe liable to spark'' considerably at the 
commutator, and in order to prevent this as much as possible, 
an air-jet is arranged so that a blast of air impinges on the 
brush. 

The peculiar shape of the armature greatly reduces the 
amount of idle wire. In the case of a gramme ring, none of 
the wire in the interior is affected by induction, and is 
therefore idle, merely causing useless resistance* The same 
remark applies to the wires crossing at the two ends of a 
drum armature. In the ball armature, however, practically the 
whole of the wire is active. 

Multipolar Machines. — A drum or ring armature may be 
used with four, six, eight, or more pole-pieces, and on the con- 
* tinent such machines are very common. The poles round the 
armature are alternately north and south. In the case of very 
large machines, such a construction becomes almost necessary, 
and they may be regarded as eqtuvalent to several smaller 
machines working " in parallel" 

Altemating-Current Machines.— In addition to con- 
Hnuous-current dynamos, there is a large and increasing class 
of machines in which the commutator is dispensed with, and 
which are called alternating-current dytiajfios, or alternators. 
Such machines require a separate dynamo to excite their 
field magnets, and they are specially adapted to all cases in 
which transfonpation is essential. In many cases the arma- 
ture is stationary, and the field magnets rotate, although the 
arrangement is merely a question of convenience. 

It will be remembered that in the description of Clarke's 
simple machine, it was found that the current changed its 
direction as an armature coil passed the poles; hence it is 
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usual, in order to secure a greater number of reversals in each 

revolution, to construct a field magnet with a number of pole- 



armature is stationary, and consists of a soft iron dng, bavbg 
projections equal in number to the poles, which rotate inside 

the ring. Each of the pole-pieces carries a coil, connected 
together so that the current circulating through them all makes 
the poles alternately north and south. The exciting current 
is supplied from brushes pressing upon the insulated rings, to 
which the two free ends of the field-magnet coils ane con- 
nected. The coils on the armature projections are all Joined 
together, leaving two firee ends, which are connected to 'fixed 
terminals from which the current is collected. The method 
of joining the armature coils is the opposite of that already 
given for continuous-current armatures — the beginning of one 
being connected with the beginning of the next, and the end 
of one to the end of the next, when all the coils are wound 
in the same direction. 

The Mordey Alternator is shown in Fig. 303, with the 
small direct-current dynamo, D, for excitation mounted on the 
same shaft, and is one of the most recent forms of alternators. 
The peculiar feature of this machine is that the magnetism 
of each of the pole-pieces, of which there are nine on each 
side, is produced by a single field-magnet coiL These 
field magnets aie shown in Fig. 304, N, S, being the pole- 




pieces, as shown in Fig. 302, 
which, however, is merely a 
diagrammatic sketch, and is 
not intended to represent 
any particular machine. The 
number of alternations per 
second is called the fre^ 
qiiencyy which is measured 
by the product of the num- 
ber of pole-pieces and the 
number of revolutions per 
second. 



Fig. 90S* 



In the typical pattern 
shown in Fig. 302, the outer 
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pieces, and A the magnetising coil. Observe that on one side 
the poles are all north-seeking, and on the other side south - 




seeking. By this arrangement, the leakage of lines of force 
is avoided : in Fig. 302, for example, a number of lines 
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of force pass from one pole to the next without passing 
through the armature at all, but in the Mordey pattern this 

waste is entirely 
avoided. The pole- 
pieces revolve, and 
between them is fixed 
the stationary arma- 
^iU^U ture, which has eigh- 
teen coils of copper 
ribbon mounted on a 
circular frame. Thus, 
the lines of force pass- 
ing through each coil 
vaiy from a maximum 
when opposite the poles, to a minifamm when midway between 
them, and consequently an alternating current is generated. 

In the latest pattern of the Mordey alternator the pole- 
pieces N, S (Fig. 304), are cast with a circular iron dish, B, 
as represented in Fig. 303, by which beating the air, and con- 
sequent loss of energy, is avoided. 

One of the greatest objections to alternators is their un- 
suitability for working motors. Recently great progress has 
been made in this direction, although alternate current-motors 
can scarcely be considered a commercial success at present 
If, however, two or more currents are employed whose alter- 
nations do not occur simultaneously, motor working becomes 
very simple, and this method was one of the special features 
in the Frankfort Exhibition in 189 1. 

filectromotors are machines for converting electrical 
eneigy into mechanical energy, and of late years they have 
been extensively used in minor branches of industiy. 

The first motors depended either upon the attraction of 
soft iron bars by electro-magnets, or upon the "pull" of a so; e- 
noid on an iron core, and were very inefficient arrangements. 

The modern electromotor is simply a dynamo generator 
(modified slightly to meet special requirements); e^. if a 
machine takes 20 horse power to drive it, when it is used as 
a generator, it will, if supplied with a current equal to that it 
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produced under those circumstances, run as a motor and give 

out nearly the same horse-power. 

When a current is supplied to a motor, causing it to rotate, 
the rotating armature tends to send a current of its own in -the 
opposite direction round the circuit ; and if E be the E.M.F. of 
the working current, and e the back E.M.F. of the motor, the 
actual current in amphes will be proportional to £— ^. 

If a series-wound motor is relieved of part of its work, it 
immediately begins to run faster, and consequently the back 
E.M.F." increases and the working current diminishes, thus 
consuming less energy. If the load is increased, the speed 
falls, thereby causing the "back E.M.F." to decrease and the 
working current to increase. Thus we see that the greater the 
speed of the motor, the less energy it consumes. 

Efficiency.— If £ be the difference of potential at the 
terminals of a series^tfound motor, and C the current passing 
through it, the dectrica! energy supplied to it is EC watts. If ^ 
e be the '*back E.M.F.," the energy given out by the 6iotor is ' 
eQ watts. 

Now, the ratio of the energy given out by the motor to that 
supplied to the motor is called the efficiency, whence the 

electrical efficiency is = -g 

If the motor is shuni wound, the current through the 
armature will be less than the current supplied, because part 
goes through the field magnets, and in that case the efficiency 

will be where c is the current actually passing through the 

armature. 

Shunt-wound motors are valuable, because they can be 
made to run at a nearly constant speed, whatever the load. 

Frinoiples of Magnetic GironitB.— The requirements 
of dectrio-lighting industries have brought into prominence a 
very convenient and useful method of regarding problems con- 
nected with electro-magnets, by which the relation between the 
magnetising force, the magnetic lines of induction, and the 
magnetic properties of the space traversed by the lines, is 
stated in a form analogous to Ohm's law. 
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From this point of view, the action of the magnetising coil 
is regarded as tending to produce lines of force, and is termed 
fnagneta-nu^ive fom^ while the path of the lines (which always 
form closed curves) is known as the magnetic circuit The 

total number of lines produced will depend upon the ratio of 

the magneto-motive force to the magnetic resistance, or 

reluctance^ offered by the circuit, and tlius we may write — 

^ - magneto-motive force 

total number of hnes of force = — ■= s — r- 

magnetic reluctance 

Now, magneto-motive force is the difference of magnetic poten- 
tial (p. 230) between the two ends of the magnetising coil ; and 
its vsdue is found to be ^win, where i is the current in absolute 

units, and n the number of turns in the coil If the current 

is expressed in amp^es, this becomes ~~i and as 

(i.t, 1*257) is a constant, we may finally write — 
magneto-motive force = 1*257 

Again, the magnetic reluctance of any substance is directly 

proportional to its length (/) and inversely to its cross section {a). 
It also varies inversely as the conductivity of the medium for 
lines of force, which we have already stated (p. 229) is repre- 
sented by the permeability, /a, and so we obtain — 

/ 

magnetic reluctance = ^ 
and the whole formula becomes^ 

total number of lines of force = 1*257 Oi-r — 

If the magnetic circuit consists, as it generally does, of 
several parts — e.g. in a dynamo, we have (i) the field magnets, 
(2) the air gap^ (3) the armature — ^the reluctance of the several 
parts are best calculated separately^ and the values added 
together. For all substances, except iron and the magnetic 
bodies, we may consider ft as being of the same value as air, 
viz. unity. For different specimens of iron, its value varies 
very considerably, and must be found by reference to tables 
or by actual experiment. The equation, just given, is the one 
most frequently employed when we require to find the amp^ie- 
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turns necessary to produce 9. given number oi lines ul force, in 
which case we have— 



1257 

where M is the number of lines of force, and R the total 
reluctance. 

H3rBt6reBi& — ^We know that when a piece of iron 
magnetised, there is involved a rearrangement in the position 

of the molecules, and that, if it be then magnetised in the 
reverse direction, another rearrangement must take place. 
If, therefore, the iron is subjected to a rapidly alternating 
magnetising force, the particles of iron are in a continual state 
of motion. In this action, two effects become conspicuous : 
(«) the motion of the molecules lags behind the magnetising 
force; and {b) energy is consumed in internal friction, with 
the result that the iron becomes heated. These effects be- 
come of great importance in the case of iron used in trans- 
formers and in the armatures of alternators, and are due to 
what is termed hysteresis. 



Exercise XXVII. 

1. How do magneto-dectrie machines differ from dynamo-electric 

machines ? 

2. Describe the two chief forms of armature in continaous current 

dynamos. 

3. What is the meaning of *' self-excited machines"? Describe the 
various methods <rf winding the field magnets. 

4. A battery is employed to drive a magneto-electric engine. Does the 
rate of consumption of zinc increase or decrease (and why) if the speed of 
the engine i& increased by lessening the work it has to do ? 
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CHAPTER XXIII. 



THERMO-ELECTRICITY. 

Exp. 193. Connect two copper wires to the terminals of a galvanoscope, 
and complete the circuit by means of a piece of ( merman silver wire, about 
iive or six inches long, twisting the junctions tightly together witii a pair 
of plien. Hold a lighted match under one of the copper-and-German- 
silver junctions. Observe that the needle is deflected, and notice the 
direction. On removing the match, the needle gradually comes to rest. 
Now apply a match to the other junction, and notice that the needle is 
deflected in the opposite direction — the current in each case passes from 
German silver to copper. 

If one of the junctions be cooled by ice, the needle will be 
deflected in the direction opposite to that produced by warm- 
ing the junction, proving that the current then passes from the 
copper to the German silver through the cool junction. 

If any two dissimilar metals are comiected together at both 
ends, we obtain a cutrent of electricity^ provided that one end 
is brought to a temperature different from the other. These 
currents are called thermo-electric currents, 

Sm^ This effect can perhaps be more readily shown by taking a 

bar of bismuth bent into the shape 
A B (Fig. 305), and then soldering one 
end of a copper wire, r, to A, and at- 
taching the other to a binding-screw. 
Similarly, anoUier copper wire, </, is 
attadied to B and a binding-screw. 
Now connect a galvanometer to these 
binding-screws by means oC wires. 
Observe that on heating one end — say 
B— there is a marked deflection of the 
needle of tlie galvanometer in the 
direction which proves that a current 
flows from the bismuth to the copper 
through the hot junction. 

The Thermopile. — As the 
^ ^ electromotive force of each couple 

is very small, it is usual, in order 
to increase the effect, to arrange a number of paiis in series 
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(Fig. 306), which are then made into cubical form (Fig. 307). 
This is the essential part 
of an instrument called the 
thermopile. The metaiis 
employed in the thermopile 
are usually bismuth and anti- 
mony, the free ends of which 
are in metallic connection 
to two binding-screws. 

To use the thermopile, 
the two terminals are con- 
nected with a delicate galvanometer (G, Fig. 308), and one 
face of the cube is slightly heated. 
Frequently a polished metal cone, C, 
is fitted on the face to be heated> in 
order to concentrate the rays of heat 
given off from the radiating surface. 

Many researches in radiant heat 
have been carried out by the aid of 
such an instrument. 

Thermo-Electric Series.— The 
electromotive force producing a 
thermo-electric current depends on no. 309. 

three conditions — 

(1) The metals employed^-9, bismuth and antimony couple, 
for example, will give a higher electromotive force than one of 
copper and bismuth. • 

(2) The difference of temperature behucen the junctions —2^ 
higher electromoti\ e force being given wlien the dilTerence 
between the two junctions is lo"" than when the difference is 
a**; and — 

(3) The mean temperaturt of the juncUons-^z, different elec* 
. tcomotive force is given when the temperatures of the two junc 

tions are, say, 15° and 17^, the mean of which is 16^, from that 

given when they are at 40° and 42°, the mean of which is 41° 

By experimenting with diUcrent pairs of metals, a series 
may be given in which one metal is thermo-electrically positive 
to one below it. 




Fig. 306- Fig. 307. 
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The following lisi has been prepared, when the tempentoieB. 

of the junctions were and 19^°, giving a difTerence of 1^ 
between the junctions (see condition 2), and a mean tempera- 
ture of 20° C (see condition 3). The electromotive force of 
the currents is so small that the unit generally selected is the 
microvolt, ue* one millionth of a volt. Lead is regarded as 
the standard metal, ue, each metal forms a couple with lead, 
and the sign attached to the electromotive force denotes that 
the metal is positive or negative to lead. This electromotive, 
force per degree Centigrade at a certain temperature is known 
as the t/ier mo-electric power of that couple at that temperature. 



Bismuth (commercial) 


-f-97 


(pure) 




Cobalt 


+ 22 


German silver . • 


+X175 


Lead 


0 


Copper (commercial) 


— *i 


Platinum 


.. - '9 


Gold 


. . — 1*2 


Silver • • 


- 3' 


Zinc . . • • 


. . - 37 


Copper (pure) • . 


• • -38 


Iron . . 


• • - 17*5 


Antimony 


. . — 22*6 to — 26'4 



Thus {a) if the junctions of a cobalt and lead couple are 
20V* and 19^^ the current will pass from cobalt to lead through 

the heated junction, and the electromotive force will be 22 
microvolts, ue, jiruftyoD 22 x lo"*^ volts. 

{b) If the couple be made of cobalt and German silver, the 
current flows from cobalt to German silver, and the electro- 
motive force is (22 — 1175) microvolts, i.e. 10*25 X lo^* volts. 

{e) If the couple be made of bismuth (commercial) and 
copper, the current flows from bismuth to cq[>per through the 
hot junction 97— (—3*8) microvolts, ie. loo'S x lo** volts. 

Thermo-Electric Inversion and Neutral Point. — 
At a high temperature it is found that an inversion of thermo- 
electric properties takes place. Thus, taking a pair of copper 
and iron, the current flows through the hot junction from 
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•Copper to iro)»y until at a cmain temperature of the hot 

junction — in this case 276° — no current is pirodttced ; 'above 
that temperature, the phenomenon of inversion takes place, 
and the current passes through the hot junction from iron to 
copper. The temperature at which there is qo cunent is 
called the neutral point 

Thenno-Blectrio Diagram. — These facta will be easily 
understood by carefully studying the thermo-electric diagrams 



A 




— of which Fig. 309 is a rough one, drawn for explanatory 
purposes, and Fig. 310 is more accurate and complete. 

Let the divisions T', T, T' on the horizontal line repre- 
sent the temperature t"^j /°, and /"° respectively, and let T B 
measure the thermo-electric power of iron with respect to 
lead, and T A that of copper with respect to lead ; then A B 
represents the thermo-electric power of copper to iron, the 
metal at the top— copper^being positive to the one at the 
bottom — ^iron. To find the electromotive force of a given 
pair — say, copper and iron — having the junctions at any two 
given temperatures, we have only to multiply the thermo- 
electric power at the mean of the temperatures into the 
range of temperature. Thus, in Fig. 309, suppose we wish 
to find the electromotive force round the copper and iron 
circuit, whose junctions are at T° and V° (the mean of 
which is T**),. we have — 
the electromotive force « A B x T'T* 

= area of the trapezium, A' A" B" B' 
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and the direction of the current is from copper to iron through 
the hot junction. 

Referring now to Fig. 310, if, for example, the metals, 
copper and iron, have their junctions at a temperature of o** 
and 100° respectively, the mean temperature of which is 50°, 
the thermo-electric power is the difference between the two 




Fig. 3x0. 



ordinates, y y, and the total electromotive force round the 
circuit is represented by the area xo — i^x^. We also see 
that the current flows through the hot junction from the copper 
to the iron. 

If, however, the temperatures of the two junctions are 350® 
and 450° respectively, the mean temperature will be 400°, and 
the difference between yy' will represent the thermo-electric 
power, iron being now positive to copper. 

Where two lines intersect (e.g. n, Fig. 310), there is no 
electromotive force, and this represents the neutral temperature^ 
which for copper and iron is 284*^. 

The Peltier Effect. — It has been shown that a thermo- 
electric current is produced when one junction of a bismuth- 
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antimony pair is heated, and that the direction of the current 
through the hot junction is from bismuth to antimony. 

Now, as it requires heat to produce this current, it is evident 
that if a battery current be sent in the same 
direction through the junction, heat will be 
absorbed, and llie junction will therefore be 
cooled. In other words, the battexy current 
cools that junction which, when heated, gives 
a thermo-electric current in the same direc- 
tion as the battery current. Thus, in Fig. 311, 
if a current pass from a battery, B, through 
bismuth to antimony, the junction is cooled. 

Similarly, as it is necessary to cool the junction in order 
that a current may be produced in the opposite direction, so 
if the current from the battery be sent from antimony to bis- 
muth heat will be evolved, and the temperature of the junction 
therefore rises. In other words, the battery current heats' that 
junction which, when cooled, gives a thermo-electric current 
in the same direction. 

The effect of heating or coohng the junction of two dis- 
similar metals by a voltaic current is known as the Peltier 
effect 

It must be carefully borne in mind that this is very dif- 
ferent from the Joule effect; for the Peltier effect (i) heats or 
cools the junction according to the direction of the current, 

and (2) the amount of heat evolved or absorbed is merely pro- 
portional to the strength of the current, wiiile in the Joule 
effect (i) the circuit is always heated, and (2) the amount of 
heat is proportional to the square of the current strength. 

The Thomson £ffect. — Sir William Thomson showed 
that when a current passes through an unequally heated con* 
ductor copper \\. transfers heat from the hotter to the cooler 
parts ; its action, therefore, tends to equalise the temperatures. 
If the conductor is iron the current transfers heat from the 
colder to the hotter parts ; its action, therefore, tends to increase 
the ditference of temperatures. Both the heating and the cool- 
ing effects are reversed with the direction of the current. This 
tendency to increase or to decrease the difference of tempera- 
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tures^ when a current flows through an unequally heated metaV 
is called the Thomson effbct^ and was predicted from theo- 
retical considerations based upon the doctrine of the conser- 
vation of energy by Sir William Thomson, who afterwards 
verified his conclusion by experiment It is found to exist in 
all metals, except lead and certain alloys, and for this reason 
lead is selected as the base line in thermo-electric diagrams. 

PraoUoal AdTUXtages and DiBadvantages of 
Thermo-cnrrents. — Many attempts have been made to 
apply thermo-electricity to practical use, but, up to the pre* 
sent, with only moderate success. A thermo-electric pile, 

as compared with other methods of generating currents, 
possesses several great advantages, e.g, (i) no consumption of 
material takes place in the pile itself; (2) but little attention 
is necessary, the action being easily set up by lighting a gas 
jet or other heating arrangement ; (3) it can work continuously 
for long periods without detriment Its disadvantages, which 
have hitherto proved fatal to extensive commercial use, are 

(1) inefficiency, only about 5 per cent of the energy of the 
fuel consumed being actually utilised in producing the current ; 

(2) the very low difference of potential produced at a junction, 
which necessitates the use of a large number of elements to 
obtain even a moderate E.M.F. The latter disadvantage is 
partially overcome by the low resistance, and, for plating 
purposes, in which high is not required, a certain 
amount of success has been obtained 

It appears probable, however, taking everything into con- 
sideration, that further research may lead to important prac< 
tical results. 

Exercise XXVIII. 

1. Ex])lain the Joule effect, the Peltier effect, and the Thomson effect 

2. What is meant by thermo-electro inversion? 

3. Two bars oi bismuth, A and B, arc attached to the extremities of a 
bur of antimony, and a current is passed firom A to B. Is there any dif- 
ference, and if so what, between the effects produced at the two junctions? 
How does the effect in each case depend on the strength of the current? 

4. A ring is made, partly of iron and partly of copper wire, the junc- 
tions being A and B. If A be kept at and B at 100 , a thermo-electric 
current is produced in the circuit. Similarly, a current is produced if A be 
at 100° and B at 200°. Have the currents in eaql^ the same streo^h ? 
Give reasons for your answer. 
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CHAPTER XXIV. 

RECENT RESEARCHES. 

Although it is unnecessary to devote any considerable space 
in an educational work, to researches and ideas too recent and 
incomplete to be properly appreciated by beginners, yet it is 

desirable for the benefit of more advanced students to briefly 
indicate the general direction of modern thought in electrical 
science, and the lines upon which discovery has rapidly pro- 
gressed during the last few years. 

Electrical Radiation. — Knowing that starting or stop- 
ping a current in a wire induces another current in an adjacent 
circuity it becomes a most important problem to determine 
whether this inductive action occurs instantaneously, or 
whether it occupies a definite time in passing from one circuit 
to the other ; for, if the latter is the case, it is evident that 
the action takes place through some medium between the two 
conductors. For many years this problem awaited an expe- 
rimental solution, although in the mean time Clerk Maxwell 
showed that, assuming the presence of a medium, the velocity 
of transmission of the inductive influence could be calculated 
by purely mathematical methods. 

This velocity, or a simple relation to it, is always found 
when any electrostatic unit is compared with its corresponding 
electro-magnetic unit (see p. 362), and it has been carefully 
measured by various observers, with the result that it appears 
to be absolutely identical with the known velocity of light 
Beginning with this fact, Clerk Maxwell proposed his electro- 
magnetic theory of light, according to which, electrical phe- 
nomena are supposed to be connected witli disturbances and 
vibrations in the medium, or ether, which conveys light-waves, 

file sensation of light is produced by the impact of ether- 
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waves on the retina ; and in order that the retina may be sen- 
sible of such impressions, the kngtk of waves must be between 
certain limits (which vary from about 3 3 ^ ^ q to -^I-jtq of an 
inch), the number of vibrations averaging about five hundred 
billions per second. The ether, however, can transmit waves 
of any length and period of vibration, which, although our 
eyes are insensible to them, are just as truly light-waves as 
those which affect the retina. Snch ether*waves — nsuaUy of 
immensely greater length than ordinary light-waves — are pro- 
duced in many electrical experiments. Looking at the 
matter from this point of view, let us suppose a current to 
be started in a circuit The surrounding ether is at once dis- 
turbed, and a single impulse travels outwards at right angles 
to the wire in all directions with the velocity of light This 
impulse is only momentary, disappearing as soon as the cntrrent 
has reached a steady value, but another of similar kind will 
again be originated when die current is stopped. Hence if 
the current be either intermittent or alternating, a continuous 
series of waves will be transmitted outwards through space, 
the lengths and the periods of vibration of which depend 
upon the rapidity of the current variations, but which are in 
all other respects identical with light-waves. 

Now, if a single impulse impinge upon another closed 
circuit, a momentary induced current wiU drciilate through it» 
and if a continuous series of waves fall upon it, corresponding 
alternate currents will be induced, whose strengths depend 
upon the distance between the two circuits, due to the fact 
that the intensity of the original radiations diminishes accord- 
ing to the law of inverse squares. 

We, therefore, learn that a certain amount of energy is 
expended in an alternating current in producing useless 
radiation, although, for reasons we cannot consider here, this 
loss is, in practical cases, very smalL We may mention as a 
probability that when sunlight falls upon and is absorbed by 
a body, its first effect is to produce electric currents, which 
are then immediately dissipated in the form of heat 

We would here remind the student that both non-con- 
ductors, or dielectrics, and conductors are equally important 
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electricaliyi a principle first grasped by Faraday^ and one 
which has been especially developed in modem theory. For 
instance, Clerk Maxwell showed that the velocity of electricity 

along a wire is determined by the velocity of light through 
the dielectric surrounding the wire, and as this latter velocity 
is greater in air than in any solid substance, the velocity of a 
current will be at a maximum in the case of a bare wire at a 
distance from other conductors, and will then equal the velocity 
of light in air, which is about 186^000 miles per second. A 
current of electricity can never travel £ister than this, and in 
practical cases it is very much less. Again, it is more in 
accordance with modem ideas to regard a wire as serving to 
direct the course of the discharge; the actual mechanism of 
propagation being most probably in the dielectric surrounding it. 

Velocity of Electrical Radiation. — The velocity of wave 
motion in any medium whatever can be expressed in a simple 



form by the well-known equation v = W where E is the 



elasticity, and D the density of the medium. The velocity of 
light in any transparent substance is found by the same formula, 
where E and D are the values for the ether tvithin that substance. 
Now, the magnetic permeability (/x) of any substance (p. 229), 
is really a measure of the density of the ether within the sub- 
stance compared with that of air, and corresponds to D in the 
above equation. £ is not measured directly as an electrical 
quantity, but its reciprocal is the specific inductive capacity 
(K), and when we test the capacity of a dielectric for receiving 
a static strain, we are really measuring a quantity which 
depends upon the elasticity of the ether within it 

Substituting /x for D, and \ for E, we have v = -i^ , and 

thus we may express the velocity of light in any medium, as 
compared with that in air, in terms of electrical quantities. 

By aid of this formula we can obtain an experimental test 
of the theory, which consists in obtaining the index of re- 
fraction of a substance by methods well known in the Science 
of LighL This refractive index («) of any given substance is 
the ratio of the velocity of light in air to its velocity in the 
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substance, so that its reciprocal ^- j is the relative velocity of 

light in the robstance. To establish the troth of the dectrical 

theory of light, 

n must equal VKyx ; = K/i. 

Up to the present, however, this relation cannot be con- 
sidered as having been established by experiment, for although 
some bodies agree fairly well, others widely differ. The dis- 
crepancies may, however, be possibly due to the fact that the 
quantities have not been determined under similar conditions. 

Another direct consequence of Maxwell's theory, which 
•may be mentioned, is that a transparent sabstancc cannot 
be a conductor. The converse of this does not follow ; ue, 
we cannot say that an opaque substance should necessarily 
conduct, because opacity to light may be caused by circum- 
stances which, considered electrically, are immaterial. Recent 
researches have shown that ebonite is remarkably transparent 
to waves of a certain length, and Hertz found in his experi- 
ments that wooden doors and bride walls allow such waves to 
pass through them. 

Hertz's Experiments. — Until the actual existence of 
ether-waves was proved, and their velocity determined, the 
conclusions of scienti&c men were based more or less upon 
hypotheses. These proofs have recently been supplied by 
Hertz, and to understand the principle of his method we have 
to remember that spark discharges are usually ioscillatory in 
character. For instance, when a Leyden jar is discharged 
through a short wire, or when a spark passes across the 
terminals of an influence machine fitted with jars, we must not 
regard the discharge as being merely a rush of positive 
electricity from one side, and of negative from the other, 
stopping dead when they meet, but rather as though the 
particles of glass are being suddenly released from a straiui 
and then, like a stretched spring under similar, conditions, 
vibrating backwards and forwards with oscillation^ of der 
creasing amplitude until they gradually die out The result 
is a violent surging of the discharge backwards and forwards, 
and we get an alternating current of enorm»ous frequeacy (or 
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Tapidit]^ of alternation), which in the case of a small I.eyden 
jar is to be counted at the rat6 of millions per second, 

although the whole duration of the discharge may amount 
to only a small fraction of a second. 

If, therefore, we can maintain a series of such sparks, we 
$hall have ^ very convenient source of ether-waves. We have 
also to remember that every circuit has a certain definite 
period of oscillation, which depends upon the capacity (C)and 
upon the self-induction (I) of the circuit, the time of one 

complete vibration (/) being sirVCl] and the frequency ^. 

If we employ an ordinary induction coil as a source of 
sparks, and use it in the ordinary manner, the high self- 
induction of the circuit will make the oscillations too slow 
for convenient use in the method adopted; the terminals 



of the coil are therefore 
attached to two insulated 
sheets of metal about eigh- 
teen inches square, fitted 
with terminals, and ar- 
ranged as shown in Fig. 




31a. The coil may ihen be 

considered as charging the ' ' ' 

plates until they "spark" ic 3xa. 

across the gap^ the discharge oscillating backwards and forwards 
from one plate to the other. As the firequency is inversely pro-; 
portional to the capacity and self-induction of the plates (both 
of which are small), this becomes very great. From the 
spark gap, ether- waves radiate in all directions into space. 
This apparatus is called a vibrator. We now require some 
means of detecting these waves, and for this purpose Herts' 
employed the principle of resonance,^ well known in the: 
Science of Sound. If we have a circuit whose period of; 
oscillation is equal to, or bears a simple relation to, that of 

* If, for example, one string of a musical instrument be set in vibration, • 
the sound-waves it produces, if allowed to fall upon another string of a 
similar period of vibration, will set the second string in vibration, the action 
being due to the cumulative effect of impulses or pushes, which, although 
weak in themselves, follow at exacUy the right time to assist each other. , 
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the vibrator, the impact of the ether-waves will cause induced 
charges to surge backwards and forwards within it, each suc- 
cessive impulse arriving at the rl^^t time to add to the effect, 
until at last it may be able to "spark** across a small gap 
in the circuit, and thus become perceptible. Hertz's receiver 
or resonator took various forms, the usual type of which was 
simply a ring of wire with terminals and small air-gap, the 
size of the ring being adjusted until the best effects w^ere 



mirror was placed behind the vibrator, the effect could be 
detected much further off, and it was found that the radiation 

followed the ordinary laws of reflection. When the vibrator was 
placed in one room, and the resonator in another, a wall being 
between them, very little difference was made. By making a 
large prism of pitch, which is transparent to waves of this 
length, Hertz also showed that refraction took place. 

Having thus proved that such radiations were actually 
produced, the next step was to show that they occupied 
time in transmission, and then, if possible^ to determine 
their velocity. This was accomplished as follows : — The 
vibrator was placed before a metallic reflector, so that 
the waves returned back upon themselves. In this case 
the interference between direct and reflected waves formed 
stationary nodes and vibrating s^gmenta^ whose positions 
could be determined by recurrent maxima and minima 
of sparking in the resonator. The distance between two 
positions of maximum sparking being half a wave length, the 
velocity of propagation could be easily found, when the number 




Fig. 313. 
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of vibiatioDs per second was known. This gave a velocity 

nearly equal to that of light, although the conditions of 

experimenting were buch as to permit of approximate measure- 
ments only. 

These researches, here very briefly described, have sup- 
plied the experimental proof which was required to establish 
the theories of Maxwell 

Some Relations between Slectricity and Light. — 
Certain other curious and interesting relations between elec- 
tricity and light are also worthy of mention 

Faraday made the first discovery in this direction in his 
well-known experiment of rotating the plane of polarisation 
of light by a magnet. Kerr found in addition that the plane 
of polarisation is rotated when light is reflected from the 
surface of a magneti and also when it is transmitted 
through a film of magnetised iron thin enough to be trans* 
parent 

Ultrarviolet light possesses specially curious properties. 

When allowed to fall upon a " spark gap," it lowers the potential 
necessary to produce the spark, and thus, if the terminals of a 
coil are separated slightly too far, allowing violet rays to fail 
upon them may cause sparking." 

Such rays also promote the escape of electricity irom 
negatively charged insulated conductors. 

Tesla'a Bzperiments. — ^The student should bear in 
mind that our present methods of electrical illumination are 
very wasteful of energy. This waste is chiefly due to the fact 
that the bulk of the energy is expended in producing radia- 
tions of unsuitable length. We have now to notice some 
recent researches by l^Iikola Tesla, which have some bearing 
on this problem. 

In ordinary alternating dynamosi the number of altema- 
tioDS» ue, the frequency, rarely exceeds about zoo per second. 
As this depends upon the number of field-magnet poles, Tesla, 
in order to obtain a very high frequency, constructed dynamos 
having ncarl) 400 poles, from which a current alternating 
20,000 times per second could be obtained. 

When an induction coil is excited by currents of greaC 
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frequency, the ordinary inductive effects are much intensified 
With the highest frequencyt the tendency to brush discharges 
becomes especially marked, such discharges passing freely from 
all points and projections, the spark itself assuming a brush 
form. Non-conductors, such as ebonite and glass, placed 
between the terminals do not obstruct the discharge, and may 
even increase it, behaving under these conditions almost like 
conductors. 

If the terminals of the secondary are two metal columns, 
thoroughly insulated with ebonite, there are produced two 
powerful brushes several inches high, resembling flames in 
appearance, and being actually hot^ so that anything held in 

the flame becomes rapidly heated. To understand this, we. 
must think of the air particles in the neighbourhood of the 
terminals, not as bcinof driven off in a steady stream (as in the 
ordinary brush discharge), but as being pulled backwards and 
forfi^ards by the rapidly succeeding alternations, which follow 
each other so quickly, that before an air particle has time to 
escape it is pulled back again and again, and, therefore, becomes 
heated by constant collisions with the terminals and with other 
particles. Anything which tends to prevent the escape of the 
air particles greatly increases the local temperature, so that a 
single small button or thin wire in an unexhausted globe may be 
easily rendered incandescent when connected to one terminal 
of the coil. The heating effect is even more rapid when the 
bulb is exhausted, and in either case the button may be made 
of badly conducting material without any disadvantage. 
Lamps of this class may be improved by the addition of 
condenser coatings arranged in various ways. 

A vacuum tube lights up anywhere near the coil ; and even 
when it is placed at a considerable distance away, a person, 
standing on an insulating support between the coil and the 
tube, may light it up by approaching his hand to the tube. 

If the tube be placed in the direction of the axis of the 
coil, it will generally increase in brilliancy if an insulated 
metal plate be interposed; but if the plate be uninsulated, 
the illumination ceases. 

If the terminals of the coil are attached to two insulaled 
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plates of metal, there exists between them a rapidly alternating 
electrostatic field, and a vacuum tube, with or without elec- 
trodesy will remain permanently lighted when it is situated any- 
where between the plates^ TlUs experiment suggests an ideal 
method of illumination^ viz. having two insulated sheet-con- 
ductors, connected with an induction coil excited by currents 
of high frequency, arranged on opposite sides of a room, and 
between which, vacuum tubes, without terminals and without 
connections, remain permanently lighted, even when moved 
about the room. 

In such experiments as these, high frequencies are spe- 
cially important, because they enable us to obtain the results at 
a lower potential Another exceedingly remarkable feature is 
that electromotive forces, which at ordinary frequencies are 
highly dangerous, become perfectly harmless at these high 
alternatioiib, and, as before mentioned, the experimenter may 
illuminate lamps and vacuum tubes with a discharge passed 
through his body without suffering any inconvenience. 

When still greater frequency is required, another method 
must be adopted, and in order to understand this we must 
first consider one or two fundamental poiotSr 

In constructing a dynamo such as Tesla's, it is unnecessary 
to aim at getting a very high E.M.F., because, by using trans- 
formers, we can raise it to any desired value. But transformers 
do not affect the frequency at all, and the final current has 
exactly the same firequency as the original current. Hence 
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the advantage of commencing with the desired number of 
alternations. In fact, the only way in which we can alter the 
frequency of an alternating current, is to use the oscillations 
' . of a Leyden jar discharge. Thus, suppose we begin with a 
low frequency, and use it to excite a coil (A, Fig. 314). The 

8 A 
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secondary of this coil is in connection with the condenser, B, 
and with the primary of a second. coil, C. A "spark gap" 
is ananged between the condenser and the primaiy of C 
In this case the first coil may be considered as merdy 

charging the condenser B, which then discharges itself 
through the primary and " spark gap." The frequency of this 
part of the circuit will not depend upon that of the original 
current at all, but simply upon the capacity and self-induction 
of the condenser circuit, as previously mentioned* The 
smaller the condenser the greater the fifequency, and vice 
versd, and thus we are able to excite the second coil with a 
discharge of enormous frequency, or we may reduce a hig^ 
frequency to a low one, as may be required. 

By adopting this method, Professor Elihu Thomson has 
recently obtained some very remarkable results. If a dozen 
turns of stout wire are enclosed in a glass tube, upon the 
outside of which a siogle layer of fine wire is wound, the 
whole being then immersed in oil in order to ensure good 
insulation, it is found that when an ordinary Leyden jar is 
discharged through the thick primary, sparks two or three 
inches long may readily be obtained between the terminals of 
the secondary. A student posscs^iag a Wimshurst's machine 
can easily repeat this experiment. A simple induction coil 
may be constructed as described, and, for convenience, both 
primary and secondary may be wound on paper tubes, if one 
be made slightly smaller than the other, so that oil can cir- 
culate between them. The outer coatings of the jars on the 
machine must then be connected with the primary. As each 
spark passes between the main terminals of the machine, a 
discharge two or three inches long will be obtained from the 
secondary. This discharge has a special tendency to assume 
the brush form, and, if the ends of the secondary are separated 
beyond the "sparking" distance, brushes flash off all along 
the terminals when each discharge takes place. In &cc, this 
is Tesla*s experiment on a ver^ small scale. 

Thomson constructed a coil with fifteen turns of yery stout 
wire as primary, and five hundred turns of fine wire, in 
one layer about twenty inches long, as secondary. This coil 
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was. enclosed in a barrel of oil, and the terminals carefully 
brought out through tubes also filled with oil The method 
of excitation was identical in principle with (hat shown in 
Fig. 314. An ordinary alternating dynamo was employed, 
with a transformer corresponding to the coil A, which raised 
the potential to 12,000 volts. This transformer was connected 
to a battery of 16 one-gallon Leyden jars, which discharged 
itself through a ^inch air-gap and the primary of the simple 
coil just described. The inductive action was very greatly 
increased by causmg a blast of air to impinge upon the au> 
gap in the condenser drcuit, which acted apparently by 
raising the potential necessary to produce the spaik. The 
result was a powerful discharge, thirty-one inches long, between 
the terminals of the secondary, which easily shattered plates of 
glass, and pierced and even fired thick wooden boards. 

In conclusion, we may notice one or two peculiar proper- 
ties of alternating currents, which become especially prominent 
with very high frequencies. 

We have already indicated that it may be more correct to 
regard the transmission of a current in a wire as being effected 
by lateral impulses, due to actions in the surrounding medium. 
From this point of view the dielectric is the actual path of 
the energy which maintains the current ; and in support of this 
theory may be mentioned the fact that a current first begins 
to flow through tlie outside of a wire, from whence it spreads 
into the interior ; a very small, but appreciable, time elapsing 
before the middle of the wire shares in the conduction. Now, 
if the frequency is great enough to cause a reversal before the 
current has reached the interior, the practical result is that the 
central portion of the wire carries no current, the discharge 
being confined to an outer section of greater or less extent, 
according to the rapidity of the reversals, and thus the resist- 
ance of a conductor traversed by alternatmg currents is 
apparently greater than it ought to be^ the true explanation 
being, not that the resistance of the conductor has really 
altered, but that the effective cross-section of the metal is 
reduced. 

Impedance. — The resultant of the influences which 
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oppose the flow of an alternating current is called impedance. 
In the case of a steady iini-direction current, the impedance 
is simply the resistance of the circuit ; but in the case of alter- 
nating currents, it is the combined effect of (i) the resistance, 
(a) an opposing "back" E.M.F., depending both upon the 
self-induction of the circuit and upon the frequency, and (3), 
when oondenseis are used, upon the electrostatic capacity. 

With the enormous frequencies used in such experiments 
as those of Tesla and Thomson, the current is confined entirely 
to the outer surface of the conductors, and the impedance 
becomes exceedingly great,, so that even short thick wires 
behave as if possessed of very great resistance. On the other 
hand, inductive actions in dielectrics occur more readily, so 
that with such frequencies the ordinaiy distinctions between 
conductors and insulators become less strongly marked 
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UNITS. 

Every physical quantity consists of the product of two factors 
— (i) a measure, and (2) a unit. Thus, if we speak of 10 
metres, this is the pro^luct of the measure lo, and the unit 
I metre ; and any one, who knows what a metre is, can form 
some idea of the length of 10 metres. If, however, we have 
no knowledge of the value of the unit, we can form no idea of 
the value of any quantity contahiingthat unit ; if a person, 
ignorant of electrical quantities, hears of a current of 10 
amperes, no idea of the magnitude of that current is conveyed 
to his mind, and, for anything lie knows to the contrary, it 
may be either an exceedingly small or an exceedingly large 
current. 

Foixdamental Units.— All physical quantities are, more- 
over, derived from three fundamental units ; and in order that 
there shall be an agreement in the units employed by scientific 
men, they have almost universally adopted the centimetre- 
gramme-second (C-G.S.) systemJ^ 
In this system we have — 

The centimetre ('3937 inch) as the unit of length ; 
The gramme (15-432 grains) as the unit of mass; 
The second as the unit of time. 
Derived Units. 

Vciadty^ — ^The unit of velocity is the velocity of a body 
which moves through x centimetre in i second. 

* These units are often called t^solute units, inasmuch as the measure- 
ment does not involve the oompArison with any oAer arbitrary quantities, 
except those of the three fundamental units here given. 
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AioUratioH. — ^By the term accderation is meant the increase 
in velocity per second; thus, if a body move over a centi- 
metres in the first second^ 5 centimetres in the second second, 
8 centimetres in the third, and so on, the acceleration is 3 

centimetres per second per second 

The unit of acceleration is the acceleration which imparts 
unit velocity in unit time, /.<?. in every second there is an 
increase in velocity of i centimetre per second. 

The acceleration. (^) produced by gravity on falling bodies 
is roughly 981 centimetres per second. This value, however, 
continuidly changes as we change our latitude, being greatest 
at the poles (983*1),. and smallest at the equator (978'i), 

i^m^f.^Tlie unit of force is called the dyne^ and it is that 
force which, acting on a mass of i gramme for i second, gives 
to it a velocity of i centimetre per second. 

A force of i dyne is nearly eq^ual to the weight of i '02 
milligrammes. 

Weight* — The student must be careful not to confuse the 
terms mass and weight The weight of any mass is the force 
with which the earth attracts it, and as the value of this force 
varies at different places on the earth's surface, the weight of 

any mass also varies. In fact, the weight of a body is equal to 
the product of the mass of the body and the earth's accelera- 
tion, W = w .^. 

Work. — Work is measured by the product of the magni- 
tude of a force and the distance through which the point of 
application mpves^ in the direction of the force. 

The unit of work is called the epg^ and is the amount of 
work done through a distance of a eentunetre against a force 
of I dyne. 

Energy. — As the energy of a body is its power of doing 
work, the unit of energy is the erg. 

Heat. — ^The unit of heat, a calorie^ is the amount of heat 
required to raise the temperature of i gramme of water fxom 
q"* C. to C, and its dynamical equivalent is 42^000,000 ergs. 

Blectrostatla Uxiits. 

Quantity, — ^The unit of quantity of electricity is tiiat 
quantity which, when placed at a distance of x centimetre (ui 
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air) from a similar or equal quantity, repels it with a force of 
I dyne. 

Potential, — ^The unit of potential is measured by the unit 

of work, inasmuch as it requires the expenditure of a unit 
of work to move a unit of positive electricity from an infinite 
distance up to a point having unit charge. 

Capacity, — The unit of capacity of a conductor is that 
capacity which requires a unit charge to bring it up to uiiit 
potential* An isolated sphere of i centimetre radius has unit 
capacity, 

Magnetio TTnita 

Pole of Unit length. The unit magnetic pole is that, 
which placed at a dibtaace of i centimetre (in air) from a 
similar pole of equal strength, repels it with a force of i dyne. 

Intensity of Magnetic Field is measured by the force which 
a unit pole experiences when placed in it The field of unit 
intensity is that which exerts a force of i dyne on a unit 
magnetic pole. 

Eleetro^M agnetio Units. — ^Theie are two systems of 
units employed in dectricsbl measurements. The electrostatic 

units just defined are based upon the attraction or repulsion 
between electric charges ; the following, called eleciro-inag7ieiic 
units, are derived from the attraction or repulsion between 
magnetic poles, and are employed for the measurement of 
quantity, potential, etc., in connection with currents. 

Unit of Current. — If a euzient flcMrs round a circuit in the 
form of a drde of i centimetre xadius, the current in an arc 
I centimetre long has unit strength, if it exert a force of i dyne 
on a unit magnetic pole placed at the centre of the circle. 

Unit of Quantity. — The unit quantity is that quantity con- 
veyed by a unit current in i second 

Unit Difference of Potential or Unit Electromotive Force 
exists between two points when i erg of work has to be 
expended to bring a unit of positive electricity firom a point at 
lower potential to a point at higher potential 

Unit of Resistance is that resistance possessed by a con- 
ductor, if a current of unit strength flows through it when its 
ends arc kc^^t at unit difference of potential 
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Practical Units. — Several of the C.G.S. units are so 
exceedingly laige or so exceedingly small, ^ that practical elec- 
txidans alin^ use the following system of units 

Resisianu^ — ^The practical unit of fesistaace is the okm^ 
which equals xo^ CG.S. tuuta. 

The ohm is the resistance offered by a coAumn of pure 
mercury, io6'3 centimetres long and i square millimetre in 
cross section, at a temperature of o° C. 

Eleciromotive Force, — The practical unit of E.M.F. is the 
volt, which equals lo* C.G.S. units. 

The volt is nearly equal to the E.M.F. of a DanieU's cell. 

Current — ^The practical unit of current is the amfih^e^ 
which equals f o*^ C.G.S. units. 

Thb is the current given by an E.M.F. of s volt through 
a resistance of i ohm. 

Quantity, — Tlie practical unit of quantity is the coulomb^ 
which equals lo"^ C.G.S. units of quantity. 

Capacity, — The practical unit of capacity is the farad^ 
which equals lo^** C.G.S. units of capacity. 

A condenser has a capacity of i farad when a chaxge of x 
coulomb produces a difference of potential of i volt between 
its coatings. 

The farad, however, being genersdly too large a unit for 

practical work, its millionth part, called a viicro/arad, is 
frequently employed as a unit. 

Power. — The practical unit of power is called the watt, 
which equals lo^ ergs. It is the power due to :i current of i 
ampere acting through a difference of potential of i volt. 

Heat, — The unit of heat is called the jcuk^ and is the 
amount of heat, in calories, produced in i second by a current 
of I ampere flowing through a resistance of x ohm. 

Bimensions of Units. — line, inasmuch as it is length 
iviilwut breadth^ is said to be of one dlmens^n^ and we can 
therefore represent length by the symbol L. 

An area has length and breadth, and is said to be of two 

' The simplest method of expressing the C.G.S. units is in positive or 
negative poweis of to. Thus one million is written iti* ; one millionth 
10-*. 
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dimensions in space^ and we can represent an area by the 

symbol A. It is, however, usual to call lijc unit of area L^, 
i,e, the area of a square the length of one side of which is L. 

The unit of volume is the volume of a cube, each edge of 
which is the unit of length, and it is geueraiiy represented by 
the symbol L'. 

Again, a velocity is the quotient of a length divided by a 
Hme; if V be the unit of velocity— 

V = ^ = LT'» 

Acceleration is the rate of charge -of velocity ; />. if A be 
the unit of acceleration — 

Force is the product of mass and acceleration ; ix, if F be 
the unit of forc^, and M the unit of mass— 

F = M X A = 

Work is the product of force and length; 1^ — 

Dimensions of work = F X L = ML^T'* 

In a similar manner the dimensions of electrical and mag- 
netic units can be expressed by symbols, as shown in the 
following table : — 

In the magnetic and electro-magnetic system — 
Strength of magnetic pole = V force X distance^ M*L*T"* 
Strength of magnetic field = force -r strength of pole, M^L'^-^ 
Magnetic moment &s length x strength of pole, M^L^-^ 
Intensity of ma^ 



netisation 



= Qiagnetic moment -r volume, M*L-*T'* 

Strength of current = strength of field x length, M*L*T'* 

Quantity of electricity = current X time, M*L* 
Potentijil ^ ) 

Difference of potential = work -r quantity, M*L*T'* 
Electromotive force * 
Resistance = E.M.F. -f- current, 

Capacity = quantity potential, L-*T" 
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In the deOrastoHe sysUm — 

Quantity » Vforce X totanc^, M*L»T-* 

Current = quantity 4- time, M^L^T"* 

Potential = work -r quantity, M*L*T'* 

Resistance = potential -4- current, L"*T 

Capacity = quantity -r potential, I» 

Electromotive force = force quantity, M*L*T'* 
Specific indactive capacity = quantity -r- another la ratio or 

quantityy ' number. 

jRatio of electrostatic to elect ro-ma^ie tic units — 
Quantity = (M*L»T:V ^ (M*L*) = LT'^ (= v) 

Potential = (Mil^T"^) -r- (M*L*T''^) = L-^T (= i) 

Capacity = L -r (L-^T) = L^T'* ( = ^ 

Resistance = (L:*T)-r (LTV) 'Ll^^ (= ^) 
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SOUTH KENSU^GTON EXAMINATION* 1892. 
SecMdStagf 9r Advaneti Exammatum^ 

iNSTKUGTIONSk 

You are not pemiltted to attempt more than eight questions. 

You may only select two in Magnetism* tkrt€ in Fiictional Electricity 

anJ three in Voltaic Electricity. 

The value attached to each (question is the same. 

Magiutistn, 

1. Beinf^ ^ven a small compass and a bar magnet, and knowing; the 
horizontal intensity of the earth's magnetic held, how would you determine 
the moment of the bar magnet ? 

2. If a soft iron pillar were buried vertically in the groond what efiect 
would it produce on the times of vibration of two compass-needles to the 
north and south of it respectively ? 

3* Describe a method of proving that the force between two magnetic 
poles varies inversely as the square of the dbtance between them. 

4. Give a general account of the distribution of isotonic lines on the 
earth's suiiiftcei describing particularly the lines of no declination* 

FfkHonal Ekctrici^ 

5. Given that a frictional machine, turned steadily, generates the same 

quantity of electricity at every revolution, show how to compare the 
capacities of two Leyden jars with moderate accuracy. No auxiliary 
apparatus but some wire and a pair of knubs on insulating pillars is to be 
used. 

6. Define the snr&ce density of an electrical charge. What is the 
average surfiuae density of an insulated sphere electrified only by 

induction ? 

7. A sphere of radius 40 millimetres (m.m.) is surrounded by a 
concentric sphere of radius 42 m.m., the Space between the two being 

filled with air. What is the relation between the capacity of this system 
and that of another similar system in which the radii of the spheres are 50 
and 52 m.m. respectively, and the space between them is filled with 
paraffin of specific inductive capacity 25? 

8. Two equally charged spheres repel each other when their centres are 
half a metre apart with a force equal to the weight of 6 milligrammes. 
What is the charge on each, in electrostatic units ? 
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9. An electrified body is brought into the neighlxrarhood of («) an 

insulated conductor, {b) an earth-connected conductor. Describe exactly 
the effect on the potentials of the electrified body and of the unelectrified 
conductors in each case. 

Voltaic EUdricity, 

10. A coil of six turns, each of wkich is I metre in diameter, dt Sleets a 
compass-needle at its centre through 45". Find the strength of the current 
in amperes, having given that H s 0*18 C.G.S. imita. 

11. A spiral of line wire glows when a current is j^aaied thfongh it. 
Explain this. If a part of the spiral is cooled the lemaindcr ^ws more 
brightly. Explain this also. 

12. What are the special difficulties to be overcome in measuring the 
specific electrical resistance of a liquid which is decomposed by the 
cnrrent? Describe a method of making the measurement. 

13. Describe the effects produced at the junction of tWO Hiftcimilflr 
metals when traversed by an electric current. 

14. A cttirent from a storage battery is passed through a galvanometer 
or ampere-meter and an electric motor. Describe and give a general 
explanation of the difTerence of the reading^ of the galvanometer when the 
machine is (i) prevented from rotating, (2; allowed to run free as fast as it 
can. 



INTERMEDIATE (B.Sc.) EXAMINATION, LONDON 

UNIVERSITY, 1891. 

Pass Examinaiim, 

1. What are the magnetic elements usually observed in order to 
determine completely the terrestrial magnetic field at any place, and liow 
are they measured ? 

2. Given a huge fixed insulated sphere, how would you proceed to test 
its charge, (i) for sign, (2) for approximate amount? In what units would 
you express the quautiiy of electricity on it ?. 

3. befine carefully strength of electric current, electromotive force^ and 
reastance. Wluit resistance should a wire have, which^ when connected 
across the terminals of a galvanometer whose resistance is 3663 ohms, 
would let part of the whole current pass through the galvanometer, 
and -^-^^ through itself? 

4. State the laws of chendcal action by electric currents, and show how 
they may be experimentally established. What data would enable you to 
calculate the heat produced during the deposition of a gramme of copper in 
a Daniel! cell ? Illustrate by a numerical example. 



PRELIMINARY SCIENTinC (M.B.) EXAMINATION, 
LOlNDON UNIVERSIT^r, 1891. 

Pass Examination, 

I. Describe how to study the magnetic field near a magnet. State the 
effect of a magnet on soft iron. The earth is said to behave like a large 
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mrip^net ; what is the effect of the earth OH a bar of soft iron? How would 
you demonstrate this effect? 

2. Given a large fixed insulated sphere, how would you proceed to test 
its charge, (i) for sign, (2) for approximate amount? In what units would 

you express the quantity of electricity on it ? 

3. Define electrical resistance. If there are several different conductors 
through which a current of electricity can pass, will it all go by the best 
conductor ; or, if not, how will it divide itself between them? What is 
known concerning the resistance of the human body? 

4. State the law? of chemical action by electric currents, and show how 
they may be experimentally established. What data would enable you to 
calculate the heat produced daring the deposition of a gramme of copper in 
a Danidl odl ? Xuustcate by a numerical OMmple. 

MATRICULATION EXAMINATION, LONDON 
UNIVERSITY, JUNE, 1892. 

1. A conductor, tested by a proof plane, is found to be by far most 
cliari^ed on its projectmg parts, and yet it gives nearly the same length of 
spark to an earth-connected knob when this latter is approached to various 
parts of its surface. Explain the essential dififerenoe oetween these tests, 
and reconcile them* 

2. Describe carefully the effect of bringing a magnet near a piece of soft 
iron. How would you test the magnetic state of the iron ? 

3. To what uses can the heating power of an electric current be put ? 
If 1000 heat-units per second be produced in a wire by means of an electric 
current whose measure is 3'i, what quantity of heat will be produced per 
second when the current is increased to 4*3? 

4. If a given current can deposit an ounce of silver in a given time, 
what weight of water will it decompose in the same time, and what weight 
of copper will it deposit? The atomic weights are H' s x, O" s 16^ 
Cu" = 63-5, Ag' = 108. 

5. How would you demonstrate that a current is excited in a conductor 
moving near a magnet ? Could the conductor move so that no current was 
excited in it ? Give reasons for your answer. How would you propose to 
compare the Strengths of the currents generated under different circum- 
stances ? 

6. A body charged with electricity is brought (i) near an insulated 
conductor, (2) near an earthed conductor. State and distinguish between 
the effects it pfoduoes in each case. 



CAMBRIDGE LOCAL EXAMINATION (SENIOR), DECEMBER, 

1S91. 

1. In expressing the strength of a magnetic polo what is the unit used? 
Describe carefully any method by which the actual strength of the poles 

of a given thin magnet might be ascertained. 

2. What is meant by the magnetic dip, and what is the supposed ex- 
planation ? 

Under what different circumstances does the dipping*needle point 

vertically downwards ? 

3. Explain why the density of electricity on an egg-shaped insulated 
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condactor is greatest at the thiD end, and why the density on a long cylin- 
drical conductor with rounded onds is greatest at the ends. 

Which is the safest shelter la a thtiiiderstonii,'a leafy (xr a hare tree» and 

why? 

4. A person holds a charged and an equal uncharged Leydcn jar, one in 
each hand. He brings the knobs into contact : what phenomena will he 
observe? 

What will be the energy of the two charges compared with the first 

chaise ? What accounts for the diflference ? 

5. How would you arrange an experiment, firstly, to fire gunpowder 
with the electric discharge ; secondly, tu pierce glass ? 

6. Describe the simple voltaic cell. 

What is the object (i) of amalgamating the sine plate, (3) of using a 
battery with two fluids, e.j^. Grove's ? 

7. Describe and illustrate by a diagram some form of commutator for 
leversing the direction of a current. 

Wliat important pfactical uses for a commutator exist ? 

8. What phenomenon will be observed if a suspended magnetic needle 
l>e brought near a long straight wire through which an electric current is 
flowing ? 

How is this lesolt applied to the constniction of a tangent gal-m- 
nometer? 

OXFORD LOCAL EXAMINATION, 1892. 
(Junior Candidatbs.) 

1. Describe a mariner's compass, and point out its use. 

2. Explain the action of any instrammt hy whidi the electrification of 
a hody can be tested. 

3. How is it experimentally shown that there is no electric force within 
an electrically charged closed conductor ? 

4. The two coatings of a Leyden jar are momentarily put into contact: 
is the jar completely discharged? In illustration of your answer describe 
the usual experiment made with a Leydcn jar with movable coatings. 

5. Describe a Daniell cell, and state the chemical actions ^t take 
place during its use. 

6. How is it shown that the amoont of an electrolyte that is decomposed 
by a current in a given time is proportional to the strength of the current? 
At which pole of an electrolytic cell docs deposition of metal occur ? 

OXFORD LOCAL EXAMINATION, 1892. 
(Senior Candidates.) 

1. What is meant by the earth's magnetic field? how is its existence 

demonstrated? and in what does the field differ at different places? 

2. How is it shown that there is no electric force within an electricallv 
clKuged closed conductor? With what limitations is this statement to be 
made ? 

3. What is meant by electrostatic capacity? Prove that the electro- 
static capacity of a sphere is measured by its radius. 
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4. On what does the condensing action of a condenser depend? State 
experiments which prove each point of your statement. 

5. A straight wire conveys an electric current : what is the magnetic 
field produced, and how would you proceed to explore it? 

6. Describe a method of comparing the electromotive forces of two cellSi 
and find an expression for their ratio in terms of the experimental data. 



COLLEGE OF PRECEPTORS, MIDSUMMER, 1892. 

1. How would you investigate the distribution of magnetism in a long 

bar magnet ? 

How would you compare accurately the strengths of two such magnets ? 

2. Describe a Leyden jar, and explain how it is charged with either kind 
of electricity from a machue giving only one kind? 

3. Describe an experiment showing that the discharge of a Leyden jar 
produces magnetising effects ? 

4. Given flannel and sealingowax, how would you charge a gold-leaf 
electroscope by induction with either kind of electricity? Why is it 
better to charge by induction than by conduction? 

5. An ebonite p]ate is hid on a table and rubbed with flannel, a 
metal plate held by an Insulating handle is placed upon it, and on this are 
laid some strips of paper. The metal plate is touched by the finger, and 
then lifted by the insulating handle. Describe and explain wmit takes 
place in the whole series of operations. 

6. What is electrical resistance? How can it be shown to differ in 
various bodies, and how can it be measured ? 

7. How would you show that tlic passage of a voltaic current through 
a conductor gives rise to heat? How is the quantity of heat related to the 
E.M.F. of the cell and the resistance of the conductor in question ? 

8. Describe Daniell's voltaic. cell ; state its advantages and defects. 

9. Describe the construction and principle of a simple form of magneto- 
electrical machine. 

10. Describe the construction of a simple form of galvanometer^ and 
show how its sensitiveue^is may be increased. 
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I. 



3. Approximately east and vtst* 

IL 

1. 2:3. 

2. Let p = strength of A, strenE^th of B, and q — stren^jth of C, 

then ^ = — ss repulsive foice of A : and / = repulsive force of B, 
<i* 4 * 

whence^, = ^, f»/. strength of A = 4 X strength of B. 

3. 6°. 4. 105° 

5. Let R = repulsive force = 30 + 30 X 20 = 630. But in the second 
case, the distance is halved, .*. repulsive force s 4K, 

whence 4R = / + 15 -f-aoX 15 
/. 2520 = / + 315 
,% torsion = 2205** 



6. 252* 



7. 105^ 

nL 



8. 26(/>. 



1. Three times greater with the straight spring than with the bent 
one. 

2. 2 sin a = sin ^, where'a is the angle between the lontr magnet and 
the meridian, and b the angle between the short map;net and the meridian. 

3. The force (F) can be resolved into two components — one along the 
needle, which has no eflfect in bringing the needle into the meridian, and 
the other at right angles to it^ tending to bring it into the meridian. Now, 

the latter 

F, = F sin J, 
and similarly f\ = F sin 8, 
• ^1 — sin >| _ sin 30° _ i r _ 'J4i4 _ 70? 
F,~ sin «, " sin Jl^ 2 1 

4- 1 : 1732. 5- 1:2. 

6. 2*52 dynes. 7. •414. 

8. Let lis (Fig. 315) be the needle, N the N seeking 

pole of the magnet The force acting on is s 
= 'l^^g^ ' There is an equal and opposite force acting on /. 
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' Now, moment of couple as mHl sin 9; of which mH s F 

/, moment of couple = ' j^^^ x 5 X sin 8 

, ^ 10 lO/y/ iob*2S 

fitn 9 = ~/ ~ , — = 7 ' 

V 106*25 106*25 

whence, substituting, we get 205*4. 

9. 84-5. 

10. Forces produced by magnets tt different distances are pro- 
portional to the culfe of the distance between their centres,, and directly 
proportional to their moments. I4'4 and 21 6 inches. 

11. P'orce of torsion is proportional to angle of torsion. The moment 
of the couple acting on the magnet to biii^ it into the meridians 
miH sin 9, where a is the angle of deflection. Lei A A" be the angles of 
torsion; then^ 

A : A' : : sin 5 : sin 5^ 

/. 100 - 30 : A' : : i : i 
/. A' = 140 
head mnst be tnmed through ajf/. 

12. 750° 

13. Moment of A : moment of B :: 7 r II. I4« 293*3®. 

IV. 

2. No difference. Times depend on (a) moment of inertia of the 
magnet, {d) strength of earth's field, {c) magnetic moment of system. The 
first two are the same ; the resultant couples in> the thitd are uso equal. 

3. I : 1*21. 4. i'42 : 1 nearly. 5. r : 1*56 nearly. 

6. 64 : 81 : 36. 7. 176 : 1. . 8. 1-75 : i. 

9« 20 : 9. 10. 3 : 1. II. 55 : 9. 

12. 1 : 3*26. 13. 22 nearly. 14. 49 nearly. 

/ F 25*-20«\ , 

15. 13 nearly; ^--^ = 16. 13*57 mm. 

17, By measuring its magnetic moment, and then ascertaining if it can 
be increased by further magnetisation. 

19. (a) Moment of inertia ; (6) its magnetic moment ; {c) strength of 
earth's field. 

21. 150. 

V. 

3. Equilibrium in any podtion. 

5. No difference. 

8. {n) Needle^ must be parallel ; similar poles in the same direction ; 
if moments are unequal, similar poles need not be in the same direction. 
(i) Needles must be parallel, of equal moment, and similar poles in oppo- 
site directions. 

II. '446. 12. '256 dyne. 

VII. 

2. (a) Negatively chaiged ; (^) partially collapse ; {c) almost entirely 
collapse. 

3. When B is removed from A, there are equal charges on A, B, and 

the ball. The charge on A and the ball is positive, that on H negative. 

4. (a) The leaves of the electroscope ooimected with the lunnel will 

2 B 
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be positively cfatrged, tliose connected with the cup n^tivdj; {B) 
finally, no divergence. 

VIII. 

1. No effect. 4. {a) No effect; {b) partial collapse. 

5. Parallel to the line joining the centres of the spheres. 

6. 12 dynes. 7. 6 dynes. 8. + 24, — 12 units. 

9. 30 s "^"^ ; Jr s 105° in opposite direction. 

4 ^ 

10. 20 = (70 + x) -t- ; ue. X* + 7cxa:» - 8000 = o; 

f>.(x- 10) t*« + 8ap + 8oo) = o; lo'. 

IX. 

2. 9 and 6 ; i.e. it takes 9 'Ci^ of work to move the + unit from an 
infinite distance to the point A, aad 6 ergs to move it to the point B. 

3- 3'38375- 4- 7 'oS nearly. 5. 1-8535. 6. 3-535. 

7. ii'5776. 8. •436. 9. 6-443. 10. 4'582. 

11. 23-09^. 12. V» = 5'414, Vo = 8*484 ; work = 3^ ergs. 

X. 

I. 45 units. 2. 5-2. 3. 7-13. 4. 2*94 dynes. 

5. 36 and 12 units. 6. 18 and 2 units. 7. 26 units. 

XI. 

I. 1761 ^'83 nearly. 3* < : 

XII. 

1. Equal. 

2. Density on lar^e sphere ! density on small sphere J! I ! 2. 

3. 2:1; the larger cnarge is acquired at the distance of i foot. 

4. 28 turns. 

5. {a) The leaves of the electroscope diverge with electricity similar 
in kind to that on the knob of the Leydcn jar ; (^) on the potential of the 
knob and its distance from the end of the tube. 

6. Quautilies are as i ; 5 ; densities are as 5 : I. 

7. When the two balls are placed near tocher, the potential of the 
charged ball depends on the quantity of its charge and on its capacity ; tha 
potential of the other depends on the distance of its centre from the first. 
When touched with the finger, it acquires zero potential. The difference 
of potential is thus increased, and a spark passes. 

8. The leaves of an electroscope diverge when we have a diffierence of 
potential between the electroscope and the surrounding walls. When the 
electrified rod is held under the can, there is a uniform potential over the 
can send throughout its interior. When the cap is touched with the finger, 
it is brought to sero potential, thus producing the necessary difibenoe at 
pibtential to cause the leaves to diveige. 

9. (i.) No electricity will pass, as the potential is the same as that of 
the conductor. (2) Electricity will pass when they aie removed to a 
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distance from it ; they remove unequal charges, and as their capacities are 
equal, their potentials are diiFerent. 

lOb Limited by the potential which the oo^ef has when removed from 
the generating plate. 

12. Second ball, 14; third ball, 24. 13. i : i'8. 

14. When the sphere is touched 4 x 5 = 20 units of + electricity pass 
to earth and leave 20 units of — electricity on the sphere. 

15. 4 cm. 

10. 144 eigs. When the potential of a conductor is raised from o to 

V ov 

V, the average potential is /• work done b 
17. 7500 eigs. 

xm. 

I* Let the knob of A be broi:^ht to the outer coating of B. A is 
discharged, the inner and outer coatings being connected with the earth ; 

B remains charged. 

2. Increased, if the plates are electrified with similar kinds of elec- 
tricity ; decreased, if charged with opposite kinds. 



XIV. 

1. The heat produced is equivalent to the energy, H, : II, 
* * • r*' » but the quantities are to each other as the number of turns, 

as 5 : 10, or as 1 : 2$ and the capacities axe equal, ue. H| : H, :: i 

2. 1 : 15. 

4. The divergence of the leaves in connection with the charged plate 
diminishes, and oat of the other increases, when the sulphur is introduced. 

5. (a) The divergence will increase ; (3) the leaves will collapse. 

6. [a) The amount of induced olectricity depends upon the amount of 
charge on the inducing body, the distance between the two bodies, and 
the specific inductive capacity of the dielectric. When the glass plate is 
introduced, the specific inductive capacity increases. (^) Move the plate 
away. 

7. Heat = :iQV in the first case. When the plates are brought in 
contact theh* capacity is diminished, and the potential is therefore greater, 
whidh nudces the heat greater. 

8. 10,000. 9. 5 :7' 10. 1: 9. 

II. The heat produced by the discharge varies as the potential. When 
the ball is brought near the wall its capacity increases, and therefore its 
ix>tential is less than it was in the first discharge. 

13. 5 turns. 

. , ICQ 

13. In the first case the potential = -~- = 25. In the second case the 

4 

capacity is twice that of the first, the potential = ^ s 13*5, 

the potential falls from 25 to 12*5, ix* through 12*5 units of potential. 
\ energy of discharge between the two spheres = |QV s ^ x too x 13-5 
s625erg9. 
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14. The capacities of the jars depend upon the area of the coatings (a), 
the thickness of the glass (/), and the specific inductive capacity of the 

dielectric (K) ; then Cj : C, : : ^- : -V"' ; ••.-V=^J ;7^ = 

-'-^ — ; whence a, = 30. 

15. (See 14-) 10. 144 units. 17. 69-6. 18. 233'3. 

19. 5 09 nearly. aa 41*6, ai. 4*07. 32. 214*9, 285'X« 

XVL 

4. (L) No eflect ; (iL) leaves of electroscope connected with platinum 
end collapse, and thoce connected with zinc end diverge further; (iii.) 

leaves connected with zinc collapse, those with platinum diverge further. 

5. (i.) No resultant difference of potential ; (ii.) difference of potential 
which is maintained by the energy of the chemical action between zinc and 
acid. 

XVII. 

3. 3*13 ohms. 41 22*5 metres. 5. 52'0o8ohms. 6. ix)8m.ni. 

W R / W / 

7. 14-337 ohms nearly. W = /x .".« = — ; k"' = ^ ^ ^ V^t' 

8. I : 100. 9. 2 ohms. 

10. R, : Rj : : 3-36 : 9-375 ; whence C, : C, : : 9 375 : 3-36 ; from which 
Ci = 5"955 and C, = 2-134- 

11. 6*6 ohms. 12. 9*1 ohms. 13. 60 ohms. 14. '999 ohms. 
IS* k% 16. 'S, '727. 17. 'o88» '142. *i (ampkes). 

x8. C = ; •'• y = ^ » whence R = 3'5, bnt external resistance = 3 

ohms ; .*. internal resistance = '5 ohms ; whence for each cell the resist- 
ance is *i ohm. « 

19. '055 ampere nearly. 

20. 80, 50, 25. The chaise will be proportional to the potential of 
the ujjper terminal, and this will be proportional to the number of cells 
counting from *• earth." These are 120 : 96 : 60 I 30 ; /. 120 : 96 : : 100 
: ^, etc. 

21. (i.) With steady current, currents are as 4 ! 3 ; (ii.) self-induction, 
acting as a momentary resistance, is set up, which will be greater in the 
wire coiled round the iron than in the zigzag wire. The data are not 
sufficient to give any ratio between the currents. 

o /•• X ^ E-^ 9Xi'i-3Xi*i 

22. (u) -0478 ; (ii.) C = - ^240+12x3 = 

23. C ss — = —J— as '3 ampere. Potential difference = rC + * 

= I X '3 -f I = 1*3 volt. 

24. Four rows of six cells in series. 

XVIIL 

1. Rise in temperature in cell with plates wide apart will be twice that 
in other cell. 

2. ii QC C'R, and although these are the same in both casest the 
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nmnber of units of heat are distributed over a much greater weight of 
laetal in the thick wire ihan in the thin one. The thin wire has^ also^ 
proportionally a greater surface from which the heat can radiate. 

3. The shorter wire has proportionally the greater current, and as 
H ac C*R% the shorter wire has the greater heat 

4. 15 : 84. Heat in equal times oc C*R, but £ s CR $ A heat = EC. 

In case (i.) 18—15 = 3 v^l^s are lost in battery ; C *-s i ; whence 

3 

£0 = 15. In case (ii.) i8»J2 = 6 volts are lost in battery; whence 
EC SB 24. 

5. 2*4 units. t6. 108 units. 

7. H. :H»::2:3. (ii.) As current varies inversely as resistance^ 

H. : H» ; : C'.R. : c«*R» :: 9 x 2 : a x 3 : : 3 : 2. 

9. Time required for ao oscillations depends on the strength of the 
field, being smaller when field is stronger. If the current is flowing down- 

wards, the field due to current and that of the earth strengthen each other 
on the west and weaken each other on the east, time of vibration is 
shorter on the west than on the cast. 

10. PracticaUy none, although the coldness of the water may increase 
the current by decreasing the resistance. The magnetising power depends 
on [a) the current, {b) the number of turns, and [c) the magnetic perme- 
ability of the surrounding space* The magnetic .permeability of w«ei(.is 
the same as that of air. \ 



XIX. 

3. (i.) More strongly magnetised ; (n.) iio'effect. 

4. The eqnilibrium will probably be disturbed, owing to attraction or 
repulsion of parallel currents. 



3. When the same current passes through two tangent galvanometers 
of different radii, the tangents of the angles of deflection vary inversely as 
their radii ; tangents are the same in this case, strength of current 
through large galvanometer is twice that ol small one. _ 

3. A:B::i : 78. 4. i: V^. 

Cb _ C/, . 2wC _ 2irCj 

$• ^* " r,» * r ^ r, 

^ ^ 12 I 12 I , 12 I 

but C : C| ; : ^ : ^ : : — : - ; whence ;5 = 

iV. r : ri :: : i ::2Vi: i* 

6. Increase or diminish according to — — N 
direction of current. Let A B (Fig. 
316) represent a horizontal section of the 
coil. Then, by Ampere's nde, if current 
ascend at A and descend at B, its effect 
will cause the needle to come more rapidly 
to !est in the meridian, and the oscilla- 3 
lions are therefore more rapid, 



A 

o 



B 

o 
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XXI 

1. 6 6 ohms, for : jc + 10 : : 2 : J, 

2. ? of 35 It. from copper terminal. 

3. Let r be permanent resistance of circuit, and R that of wire used al 
fifst ; then r4i35:r4'R:^ + 24 with current "966 : i : 1*036 respec* 
tively ; a r + 25 : r + 24 : : 1 "036 : '966 

and r 4- R : r 4- 24 ! : i •n;;6 : i 
whence solving, R = 24 "4908 uhms. 

4. The branches B A, A D and B Q C D each give 2 ohms resistance. 
Their joint resistance is I ohm. There is no modification when A and C 

D D D D •'^ connected by a wire. 
" ^ ' ,^ 5. With Pi (Fig. 317) the deflection is x, and 



I I I negative compared with middle point, M, of wire; 

iT* ■ ' I N with P„ no deflection j with P„ deflection x in 

C3J 



positive direction.;, with P4, deflection 2x in positive 

direction. 

7. '24 ohm. 8. 1*03 ohm. 9. 5*5 ohms. 

10. I 88 nearly. 

Id II. Let jr= deflection at first; add resistance 

Fic w. circuit of each Ijattery imtil the deflection y is 

such that tan = ^ tan x. The E.M.F.'s have 
the ratio of the added resistances. Thus, if battery A needs an addition 
of 10 ohms, and B 15 ohms to bring the deflection from x to yt the 
E.M.F. of B is 1} times that of A. 

12. A : B :: 3 : 5. 

13. D.P. depends on (i) total E.M.F. (2) ratio between resistance 
in galvanometer and total resistance in circuit, which is 20 : So, ^, 
/• toul E.M.F. = 8 volts; whence E.M.F. of each cell ss 1*3 volt. 

E .. 

14. (i.) C « — • (ii.) With galvanometer and shunt, R = 2, ,*, total 

E 

resistance = 5 ohms, /, C ; but half this current goes throoghgalvano- 

E E E 

meter and shunt, current through galvanometer = — ; whence y t |j 
: : too : jr, from which jr s 70 divisions. 

XXIL 

1. 6^78 amp^es. 2. 14*15 grammes. 3. 6*16 ampire^ 

4. i*4ampire. 5. 2*3. 

XXIIL 

2. 2*39 volts. 

XXIV. 

3. Wealcer in cell with platinum plates, hecause copper will be de- 
posited on the negative electrode, which thereiore sets up an opposing 
E.M.F. 

4. (i.) Zinc dissolved in each cell : hydrogen dissolved in volta- 
meter : : chemical equivalent of zinc : chemical equivalent of hydcog^ 
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!! ^2'5 : I ; but there are six cellSi /, weight of zinc dissolved = 195 
grains, (ii.) 97*5 grains. 
5* 260 grains* 

6. Current is diminished In strength, as eleetfolysb is set up, giving an 

opposing E.M.F. _ 

7. H X C^, /. C QC ^H, whence currents are as I : Vi. But rate 
^vhich chemical aciiori goes on is proportional to current, /, ratio of the 
rates of chemical action is i : ^2. 

8. With one cell C = , where e is the counter E.M.F., which is 

2E — 

smaller than E (the E.M.F. of a Grove's cell) ; with two cells C = — |^ — » 

where r is the internal resistance of the added cell. Consider a numerical 
example if E = 2, ^ = 1 -5, K = i ohra, and r — z ohm, in case (i.) 
C = *5, and in case (ii.) C = 2*08. 

XXV. 

3. See Fig. 292 : at middle part of both magnets^ practically no current ; 
when crossing the poles, at a maximum. The directions are given in figure. 

4. The effect of the iron is practically to make the magnet longer, 
(i.) The magnet pole must be tlirust further into the ring^ (ii.) the ring 
must be moved towards the neutral line of the mi^et« 

5. As the rectangle is lifted into a vertical positi<Mi, the Unes of force 
pa<;sing through the rectangle decrease, which produces a current in the 
direction of the hands of a watch round the rectangle, when it is looked at 
in Uie poritive direction along the Unes of force, a^. looking towards the 
N. magnetic pole. The lines will increase from the vertical position until 
it is again horizontal, and the current will then be counter-clockwise. 

7. Greatest when axis of rotation is at right angles tO the line of dip; 
least when axis is parallel to that direction. 

XXVII. 

4. The rate of consumption of zinc decreases. Rate oc current, but 
E — ^ 

C = — ^» where E = E.M.F. of battery, * = back E.M.F., and R = 

resistance of the circuit. Now, E and R are practically constant, while 
e is directly proportional to speed of engine ; if / is increased, C is 
diminished. 



XXVIIL 

3. (3) At the junction of A with antimony, heat is absorbed, and 
therefore junction is cooled ; junction of B with antim<my is warmed. Hie 

effect depends on the strcni^th of the current. 

4. Not the same strength, as difTerenre of ]iotential depends not only 
on the difference of temperatures, but also upon the absolute temperature. 
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SOUTH KENSINGTON, ADVANCED PAPER, 1892. 
7. 84:325. & 121*2 nearly. 10. 2*38 amperes. 

INTERMEDIATE B.Sc, 1891. 

3. 37 ohms. 

MATRICULATION, JUNE, 1892. 
3, S924 heat unitt. 4. "oS^ oz. of water ; '291 os. of copper. 
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ABS 

Absolutr electrometer, 165 ; 
units, 

Absorption, electric, 157 
Accummulator, 12^ 
Aclinic line, 62 

Action of both poles, 31; of 
currents on currents, 234 ; 
of eartk on magnets, 6 ; of 
magnetic poles on each 
other, 5 ; of magnets on 
currents, 239 j of points, 



150, 151 ; of RuhmkoriTs 
coil, 29s 
Advantages and disadvan- 
tages of thermo-electric 
currents, 344 
Agonic line, 52 
Air condenser, 124. 
Alphabets, telegraphic, 307 
Alternate discharge, 125 
Alternating current dynamos, 

Ahemators, 331 
Amalgam, electric, 137 
Amalgamated zinc, 183 
Amalgamation, theory of, 

Aii^r, 25 
Ammeters, 2^0 

Ampere, definition of, 204, 

360 

Ampere's rule, aaa; ta*ile, 
234 ; theory of magneii&m. 

Anion, 205 

Annual variations, 53 
Anode, 265 
A rage's ^Rsc, 289 
Arc, voltaic, 215 
Armatures, 12, 320, 321, 325, 
330 . 

ArTmcial magnets, 2 

Astatic galvanometer, 222; 

needle or pair, 6^^ 
Atmospheric electricity, 12^ 



Atomicity, 270 
ttra( 
.65 



Attracted 



, 270 
disc 



electrometer. 



CAS 

Aurora, the, iBa 
Axis of magnet, 3^ 6 

B.W.G., meaning of, 202 
Barlow's wheel, 242, 289 
Battery, Bunsen s, 19 ; 
Darnell's, 302 ; De la 
Rive's floating, 239 ; 
Grove's, 109 ; Grove's gas, 
278 ; Leyden, 130 ; mag- 
netic, 44 ; secondary, 276 ; 
telegraphic, 2£? » voltaic, 
108 

Bell7 electric, 313 



Bell's telephone, 3x3 
" cells, 



2Q& 



Attraction across substances, 
14^; electrical, jli cur- 
rents,234 ; of iron filings, i 



Best grouping of ( 
Bichromate cell, 125 
Bifilar suspension, 169 
Biot's experiment, ^3 
Blasting uy electricity, 215 
Bohnenberger's electroscope. 

Bound electricity, 82, 124 
Branched circuits, 207 
Breaking a magnet, 2 
Bridge, Wheatstone's, 755 
Browning's regulator, aio 
Brush arc lamp, 212 
Brush discharge, 148 
Brush machine, 325 
Bunsen's cell, 194 
Butterfly-net experiment, 24 

Cable, Atlantic, 302 ; sub- 
marine as condenser, 309 

Cal laud's cell, 

Caloric, 358 

Candles, electric, 21B 

Capacity, definition of, 113 ; 
inductive, 122 ; measure- 
ment of, 155 ; 01 condenser, 
127, 158 ; of conductor, 
112; or» Leyden jar, is4 : 
of spherical condenser, 153 ; 
specific inductive, 154 ; 
unit of (electrostatic) m ; 
unit of (practical), 360 

Card, manner's compass, 62 

Carrier ball, 85, 9$ 

Cascade arrangement, i6q ; 
energy of discharge of, i4i 



COE 

Cathode, 265 
Cation, 265 

Cause of atmospheric elec- 
tricity, 125 
Cauterising by electricity, 

^215 . 

Cavendish's experiment, 93 
Cell, the bichromate, 195 ; 
itunsen's, xc^ ; Callaud's, 
193 ; chromic acid, 126 ; 
Clark's, 138 ; Daniell's, 1^2 ; 
De la Rue's, iqS; gravita- 
tion, 1Q3; Grove's, 194; 
Leclancne s, ; 
Davy's, 192 ; Minotto's, 
193 » Niau3ci's, x^S ; simple, 
184 ; Smee's, 195 
Charge, electric, 25 1 resides 
on surface, 93-95 ; residual, 
129 ; in condensers, seat of, 
129 

Charging Leyden jar, 126; by 

cascade, 
Charts, magnetic, 5£» 62 
Chemical action in oicfiromate 
cell, 196 ; in Bunsen's cell, 
194 ; mTDaniell's cell, 192 ; 
in Grove's cell, ; in Le- 
clanche*scell, ; in Marie 
Davy's cell, 1^ ; in simple 
cell, 183 ; enects of dis- 
charge, 151 ; equivalent, 
270 ; test for weak cur- 
rents, 264 
Chimes, Electrical, 149 
Chromic acid cell, iij6 
Circuits, divided, 207 
Circuits for telegraphy, 301 
Circuits, magnetic, 335 
Circuit, simple, compound, 

mixed, 198 
Clark's st^idard cell. loS 
Clarke's magneto-electric 

machine, 318 
Clausius, 279 

Cleavage, electrification by. 

Clerk Maxwell, 112, 130. I79, 

345. 347 
Clouds, electricity of, ij6 

Coefficient of magnetic in- 



378 



Index 



COE 

duction, 229 ; of ma^etisa 
tion, 22S 
Coercive- force, 14 



EAR 



Coil 



primary, 



korflrs, a^l 
38 



284 ; Rnhm- 
secondary. 



Commutator, 2^ "^o^ 
Comparative value of H. ^ 
Comparison of moments of 

magnets, 37^ ^ 
Compass, oeclination, 48 ; 

inclination, 54 ; manner s, 

66 

Compound circuit, 198 ; wind- 
ing. 128 
Condensation of electricity, 

123 

Condenser, 122; in Ruhm- 
korfTs coil, 294 

Condensing electroscope, 134 

Conduction, jj^ 78 

Conductivity, aita 

Conductors, list of, ; light- 
ning, 128 

Consequent or consecutive 
poles, 2^ 

Construction of deflection 
magnetometer, 35 : dip 
circle, 52 ; galvaiioscopc, 
187 ; oscillating magneto- 
met-r, 32 ; Wheaistone's 
Lridgt, 257 

Contact-breaker, 2^; scries, 
» U ; theory, 134 

Cooling and heating of junc- 
tion by currents, ^43 

Copper sulphate, electrolysis 
of. 368 

Coulomb's torsion balance, 

CoulomD, the, -^60 
Couple, definition of, m 
" Couronne de tasses, aoQ 
Crown of cups, Volta's, 199 
Crystals, electricity of, 'S± 
Current, extra, ^£6; in the 
cell, 221 ; indicator, iM : 
primary, 28^ ; properties of, 
ii6 ; of electricity, 102. 184 ; 
reverser, 293 ; seconda y, 
285 ; strength of, 303 ; unit 
of strength of, 203, 359, 360 
Currents, action of currents 
on, 234 ; un magnets, 2^ ; 
chemical effects of, 204 ; 
direct and inverse, 285 ; 
induced, 284; inducedoy 
earth, 28^TTuminous effects 
of, 315 ; magnetic effects of, 
219 

Currents, magnetisation by, 
18. 225 ; thermal effects of. 

Curves, magnetic, 21-24, A'\ 
Cylinder machine, 136 



Dead-beat 

350 



galvanometers, 

nation, compass, 48 ; 

nod 



8 

definition of. 42* method 



Daniei^l's battery, 3^; cell, 
193 



of determining, 49; varia- 
tion of, 51 

Declinometer, 48 

Decomposition of hydro- 
chloric acid, 266; of salts. 
364, 268. 269 ; of water, 265 

Deflection ^f magnets "By 
currents, 186. aao; magne- 
tometer, 35 

Deflections, method of, 2i 23 

De la Rive's floating battery, 
232 

De la Rue's cell. 158 
Delezenne's circle, 290 
Density, electric, 2^ 
Diagram, thenno-efectric. 

Dial, in telegraphic instru- 
ment, 303 

Diamagnetism, 33 r 

Dielectric capacity, is4 ; 
polarisation, liS 

Dielectrics. 78 

Differential galvanometer. 

Dimensions of units, 361 
Dip, 52 ; method of^eter- 

niining, 55^ 6oj variations 

in, 6q 
Dipping needle, 54^ 
Direct induced currents, sSs 
Directive action of earth, 6 
Discharge, brush. 148; by 

flames, 83 ; by points, 98 ; 

chemicaTeffect of, i.st. 397 
Discharge, effects of, 131, 132, 

397; ener>;y of, 159, ito; 

glow, 148; heating effect 
1-5^1 2Q7 ; instantaneous, 

127; lummous effect of, 147, 

148 ; magnetic effect of, 

152 ; slow, 125; through 

rarefied gases, 295; velocity 

of 133 

Discharger, universal, 131 
Discharging tongs. T?fi 
Distinction between poles, 3 
Distribution of electricity, 

23 ; of magnetism, 3 
Diurnal variation, ^ 
Divided circuits, 207 ; touch, 
Li 

Drum armature, 321 
Dry pile, ZambonTs, 300 
Duplex telegraphy, 311 
Duration of spark, 134 
Dynamical (voltaic) elec- 
tricity, 183 
Dynaniicalequivalent of heat. 

Dynamo-electric machine, 321 
Dyne, the, 22, 358 

Earth, the, a magnet, 6, 42 



ELE 

Earth's induction, magne 

tisation by, 17 
Ebonite, 138 

Effects of snunting a galvano- 
meter, 20Q 
Effect proHuced by current. 

Efficiency, 335 

Electric siDsorption, ; 
amalgam, 137; bell, 312; 
current, iS^Tdensity, 35, ^jl 
force, 107. 117 ; fuze, 215 ; 
glow, 148; light, 315-219; 
pendulum, 76 ; spark, 147 ; 
telegraph. 301 ; whirl, 150; 
wind, 151 

Electrical attraction, 25 I 
capacity, 1x2 ; chimes, 143 ; 
conduction, Z2i • ''"^ 
of force, 113 ; Hnes of 
induction, rxa ; _ poten- 
tial, m2 ; radiation, 345; 
repulsion, 26 \ machines, 
cylinder, 1^6; Holtz s, 143 ; 
plate, 138 : Voss's, 13^ ; 
Wimshurst s, ; Winter s. 

Electricity, atmospheric, 174: 
action of points on, 38, 150. 
151 ; bound, Zj^ 124 ; con- 
tact, theory ofri34 ; current 
of, 183 ; developed by fric- 
tion, 75 ; hy pressure, etc, 
83 ; distribution of, 22 • 
dynamical (voltaic), 183 ; 
free, 87 ; frictional, 2^ ; in- 
ducedT 85, 28£ ; resinous, 
22; static (frictional), 25 ^ 
theories of, 83 ; vitreous, 26 

Electric force, ii2 

Electrics, 27 

Electrification by friction, 2I I 
by pressure and clearage, 
83 ; states of, 76 

Electro-chemicalseries, 367 ; 
equivalents, 271, 272 

Electrodes, 265 

Electro-dynamics, 234 

Electrolysis, 264 ; laws of, 
270 ; of copper sulphate, 
26E ; of hydrochloric acid, 
266 ; of lead acetate, 369 ; 
of potassium iodide, 264 ; 
of silver nitrate, 269; of 
sodium sulphate, 268: of 
water, 265 ; theory of, 279 ; 
uses of, 283 

Electrolytes, 264 

Electro-magnetic inertia. 287; 
instruments for telegraphy. 
305 ; theory of light, 343 ; 
una-s 353 

Electro-magnets, 227 ; laws of, 
227 

Electro-metallurgy, 2Bq 
Electrometer, absolute, 165 ; 
attracted di:tC, 165 ; quad- 
rant, i6ft 
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ELE 

Electromotive force, aoi. 27; ; 

measurement of, goi, 2iu ; 

of polarisation, 275 ; unit 

of, aax ; series, iSS 
Electromotors, 

Electrophorus, 8g ; method of 
chargmg, 90 

Electroplating, 2S2 

Electro-positive and electro- 
negative elements, 183 

Electroscope, BohnenBerger's, 
2QQ ; Gilbert's, 2^ ; gold 
leaf, 7^ : Henley s quad- 
rant. Si ; pith ball, 22 • 
Volta's condensing, 134 

Electrostatic units, 358^ 

Electrotyping, 2&1 

Elements, magnetic, 42 

Energy of charge of conduc- 
tors, I SO ; of condenser^ i^jq; 
of Ley den jar, i6q ; unit of, 
3^ 

Epmus's condenser, 123 
Equator, magnetic, 6^ 61 
Equipotential surfaces, log 
Equivalent, clectro-chenucal, 

270, 271 ; resistance, 2£iE 
Erg, the, 258 
Ether waves, -^Kt,, 347 
Eudiometer, 151 
Extra current, aSfi 

Farad, the, 360 

Faraday on diamagnetism, 
2-^0 ; on specific inductive 
capacity, 155 

Faraday's outtcrfly-nct ex- 
periment, 24; ice-pail ex- 
periment, as ; inductive 
theory, ia8; "room," g4 ; 
transformer, zgS 

Faure's secondary battery. 

Field, magnetic, 3x ; of elec- 
tric force, lia 

Figures, Lichtenberg's, 127 ; 
magnetic, 21, 21, 24 

Flame, dischargcby, 83 

Force, definition of, 201 ; elec- 
tric, 107, 117: electromotive, 
201 ; lines of magnetic, ax 

Forked lightning, 177 

Formulae for capacities, 159 

Franklin s plate, 123 ; ligtit- 
ning experiment, 12^ 

Free electricity, §2 

Frequency, 33a, 351 

Friction, electricity produced 

by, 25 . 
Fulminating pane, la^ 
Fuze, electric, 215 

Galvanic (voltaic) electricity. 

Galvanometer, absolute, a^ : 
astatic, 222.; constant of 
tangent, 2^; dead beai, 
350 ; diflferential, 349 ; ma- 



IND 

rine, 30Q ; mirror, 342 \ «ne, 

247; tangent, 244 
Galvanoscope, iM 
Calvano-thermometer, aia 
Gas battery, 228 
Gauge, 170 

Gauss, tangent positions of, 

Geissler's tubes, 23^ 
Geographical meridian, 2 
Gilbert s electroscope, 22 
Gimbals, 63 
Globular lightning, 122 
Glow discharge, rjS 
Gold-leaf electroscope, 22 • 

method of charging, 87 
Gordon on specific inductive 

capacity, 157 
Gramme, the, 352 
Gramme's dynamo, jai 
Gravitation cells, 1^3 
Grottliuss' theory, 223 
Grouping of cells, 204 : best, 

aod 

Grove's battery, 132? cell, 
194; gas battery, 278 

Guard plate, i65 

Gunpowder fired by elec- 
tricity, rja 

Hamilton's mill, 150 
Hardening, j 

Harris's attracted disc elec- 
trometer, i6t : unit jar, 

Heat and current, relation 
between, 214 

Heat lightning, 122 

Heating due tomagnetbation, 
iQ ; effects of current, 213 ; 
effect of discharge, 151 

Helix, 221; 

HenleyV^ electroscope, fli ; 

universal discharger, 131 
Hertz's experiments, 348 ; 

vibrator and receiver, 349, 

350 

Hofmann's voltameter, 2M 
Holtz's electrical machine, 143 
Horizontal intensity, method 

of finding, 64 
Hughes' microphone, 315 
Hydrochloric acid, electro- 
lysis of, 266 
Hysteresis, 332 

Ice-pail experiments, 8S 

Impedance, 355 

IncandescentUmps, 2x8 

Inclination, 52 ; compass, £4 ; 
variation in, 6a 

Induced currents, 284 ; by 
earth, 283; in solia con- 
ductors, aS^; electricity, 
85 ; magnetism, u 

Inducing currents, 284 ; mag- 
nets i-i 

Induction by currents, 284 ; 
by earth, 12; by magnets, 



LEY 

n ; electric, 85J coefficient 
of, 229; coil, 231 ; Faraday's 
theory of, lifi; laws of, 
287 ; machines, 139 ; mag- 
, netic, iij precedes attrac- 
tion, 14 
Inductive capacity, 122 ; sp€« 

cific, 154 
Inertia, electro-magnetic, 387 ; 

moment of, 39 
Infinite current on another 

action of, 238 
"In series " arrangement, 198 
Instantaneous discharge, 137 
Instruments, telegraphic, 
single needle, 303 ; Morse, 
305 

Insulators, 77, 

Intensity coiT (Ri'hmkorff's), 
291 ; magnetic, 62 ; of mag- 
netic field, 30, 64, 359 ; of 
magnetisation, ^ 

Intermediate poles, 2 

Inverse induced currents, 285 ; 
squares, law of, 25, 28 

Inversion, thermo • electric, 

341 

Ions, 265 

Irregular variations of mag- 
netic needle, 52 
Isoclinic lines, 02 
Isodynamic lines, £16 
Isogonk: lines, 52 

Jablochkoff's candle, axfi 

jar, Lcyden, 12^; capacity 
of, 127, 154 ; cascaHe ar- 
rangement, 164 ; disch«r,;e 
of, 122; energy of charge 
of, i6q ; seat of charge in, 
i2q; Harris's unit, 13a 

Joule effect, 343 

Joule, the, 360 

Joule's law, 213 ; mechanical 
equivalent of heat, 314 

Keepers, 12 
Kirchhoff's laws, 21a 

Lamellar magnetisation, xq 

Law of inverse squares, 2.s, 
98 ; Lenz, 288 ; Ohm, 204; 
sinuous currents, 2 38 ; 

Laws of angular currents, 237 ; 
of electricity, 100; of elec- 
trolysis, 222 ; of electrolysis 
in batterj', 224; of electro- 
magnets, 222 ; of induction, 
287 ; of magnetic force, 22J 
of parallel currents, 234 

Leaa acetate, electrolysis of, 
260 

Leclanch^'s cell, if^ 
LemstrOm on the aurora, iSx 
Lenz's law, 2SS 
Ley den battery, T30; jar, 
JL26 ; energy 01, 1^ 
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Lie 

Lichten berg's figures, la? 
Lifting power of magnets, 44 
Light, electro-magnetic theory 
of, 

Lightning, 127 \ conductors, 

178 

Limit of charge on conduc- 
tors, 139 

Line, aclinic, 62 ; agonic, 5a 

Lines, isoclinic, 62 » isody- 
namic, 6^; isogenic, 53; of 
force (electric), ira ; of in- 
duction, ail Lu; of mag- 
netic force, 21 

Local action, i^; currents, 
100 

Lodestone, x 

Lodge, Dr. O. J., on lightning 

conductors, 179 
Loss of magnetisation, ig 
Lullin's experiment, z^a 
Luminous tube, 

Machine, cylinder, 1:^6 ; dy- 
namo-electric, 318, 321 ; 
Holtz's, 1^; plate, T3B; 
Voss's, i^; W'imshurst s, 
146 ; Winter's, 138 

Magnet, breaking a, 7 

Magnetic attraction, 2 ; bat- 
tery, bodies, lo^ 2.-^1 ; 
chain, 12 ; circuits, 335 ; 
couple, 29 ; curves, 21-24, 
43 ; declination, 42 > dip, 
52 ; effects of current, 219 ; 
discharge, igi, 152; Ele- 
ments, 42 « equator, 6^ tiX \ 
field, 2ij 223. 225 ; figures, 
a I -2 4 ; figures, theory of, 43 ; 
fluids, supposed, 2J force, 
measurement of, 22 ; induc- 
tion, XX \ intensity, ta \ lines 
of force, 2i; maps, 51, 63, 
62; meridian, 7; moment, 
30* 2^, 22 ; needle, ^ ; oxide 
ofiron, I ; permeability, 228. 
3g9. 347 ; poJe. unit, 23; 
poles, 3; potential, 230; 
reluctance, 336 ; saturation, 
2q; shell, 9; storms, 53^; 
substances, zo ; suscepti- 
bility, zzS ; units, 35^ 

Magnetisation by currents, 
18. 22s ; by double touch, 
i6 ; by earth, 17 ; by elec- 
tro-magnets, iS; by sepa- 
rate touch, 3i 15 ; by single 
touch, 3j ; coefficient of, 
15 ; destruction of, ; 
effects of, 19 ; heat pro- 
duced by, ig ; intensity of, 
44 ; meaning of, 2; methods 
of, Lii of steel, difficulty 
of, 13, 

Magnetism, Ampere's theory 
of, 8i 230; earth's, 6, 47 ; 
destruction of, loj inmiced, 
xz t loss of, 2£ « 
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ship^, 70; permanent, 21i 
rcsidualT ?4i retention of, 
1^ temporary, 13; terres- 
trial, 42 ; theories of, 8 
Magnetite, i 

Magneto-electric machines, 

Magnetometer, deflection, ^ ; 

oscillation, ^2 
Magneto-motive force, 336 
Magnets, action of earth on, 
6, i£j artificial, 2j axis of, 
currents induced by, 286; 
induction by, 11 ; lifting 
power of, 44J methods of 
making, 15; moments of, 
321 36, 32 ; natural, 2.; per- 
manent, .13 ; poles of, 3^ 5J 
solenoidal, 10; temporary, 

Maps, magnetic, 51, 63, 67 
Marid Davy's cell, 192 
Mariner's compass, m 
Measurement of E.M.F., aoi, 
2di ; of internal resistance 
of cells, 259 ; of moments of 
magnetsrsS 32i 42 ; of re- 
sistance, 253, 254^ 255i 2^ ; 
of strength of current by 
voltameter, 273 
Mechanical effects of dis- 
charge, 132^ 292 
Megohm, 203 

Meridian, geographical, 1 \ 
magnetic, 7 

Metals, conductivity of, 78 

Method of determining decli- 
nation, 4£ ; dip, 5^ ; of de- 
flections, 2^2 29; of oscil- 
lations, 25, 33 

Methods of magnetisation, 
15 ; of winding dynamos, 327 

Microfarad, 360 

Microhm, 203 

Microphone, 314 

Migration of ions, 278 

Mill, Hamilton's, 150 

Minotto's cell, 193 

Mirror galvanometer, 840. 

Moilture in frictional elec- 
tricity, 147 
Molecular theory of magnets, 

a 

Moment of couple, 30 ; of in- 
ertia, 39 ; of^ magnets, 30, 
36, 3Z 

Mordey alternator, 33a 

Morse's telegraphic instru- 
ment, 305 

Movable coatings, Leyden 
jar with, 125 

Multiple arc, 198 

Multiplying effect of current, 
22T ; galvanometer, 22a 

Multipolar machines, 331 

Natijral magnets, x 



POT 

Needle, astatic, 69 ; dipping, 

54 ; instrument, telegraphic, 

302 ; magnetic, 4 
Negati\'e electrification, 22i 

plate, 185 ; pole, 185 
Neutral Ime, 3 ; point, 34c 
Niaudet's cell, 198 
Nobili's rings, aog 
Non-conductors, 78 
Non-electrics, 22 
Null_ method of measuring 

resistance, 2^ 

Oersted's experiment, 219 
Ohm. the, 202, 360 
Ohm s law, 204 
Oscillation, ^finition of an. 

41 ; magnetometer, 39 
Oscillations, method o1^ 25^ 35 
Oxide of iron, magnetic, 1 



Pane, fulminating, 12 
aralJ 



It "1 

Parallel currents, laws of. 



Paramagnetic bodies, 230 
Pendulum, pith ball, 26 
Peltier heating effect, 343 
Permanent magnetism of 

ships, 24 ; magnets, 13 
Permeability, 228, 229, 347 
Phosphorescence caused by 

discharge, 897 
Photophone, 312 
Physical theory of magne- 
tism, a 

Pile, thermo, » voltaic, 
2QO ; Zamboni s dry, 200 

Pith-ball electroscope, 22 » 
pendulum, 76 

Flantd's secondary battery, 
222 

Plate condenser, 122, 123, 
124 ; capacity of, ; ma- 
chine, 138 

Platinode, 265 

Points, action of, qS^ z so. 
151 ; density of charge on, 

98 

Polarisation, current, 275 ; di- 
electric, 128 ; in cells, iQo ; 
in voltameter, 224 ; remedies 
for, Z91 

Pole's, consequent or conse- 
cutive, ^ ; definition of, 3 ; 
distinction between mag- 
netic, 3 ; inseparability of, 
2 ; intermediate, 2 ; mag- 
netic, 3i S4 of **^'» '■> °f 
pyro-efectnc crystal s7S4 

Positive plate, 189 ; pole, 185, 
i8q 

Postal telegraph battery, ya 
Potassium, discovery of, 269 ; 

iodide, electrolysis of. 269 
Potential, definition of, lo'^, 
106 ; electric, 102 ; experi- 
ments in, ii8 ; magnetic, 
330 
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Practical units, 360 
Primary coil, IS^; current, 

285 

Prune conductor, 137, 138 
Principle of Brush arc lamp, 

217 ; of magnetic circuits, 

335 

Proof-plane, 85 
Pyro-electricity, S-y xja 

Quadrant electrometer. 
Thomson's, 16S ; electro- 
scope, Henley's, Si 

auadrantal variation, 70 
uantity of electricity, 22 5 
unit of, 22 

Radiatiov, electrical, 3^ 

velocity of, it2 
Receiver in telegraphy, 305 ; 

Hertz's, 350 
Recent researches, 3^ 
Reflecting galvanometer, 249, 

309 

Refractive index, 347 

Reis, telephone, 312 

Reiss on density, 97 

Relation between currents and 
currents, 23^ ; currents and 
heat, 214 ; currents an J 
magnets, 239, 240 ; density 
and area, "90; densi.y and 
potential, 116; electricity 
and light, 3^ 351 

Relay, 306 

Reluctance, magnetic, 336 

Replenisher, 170 

Repulsion between currents, 
234-238 ; electrical, 26^ Sj 

Residual charges, 123; mag- 
netism, 14 

Resinous electricity, u. 

Resistance, 202 ; coils, 254 ; in 
wires, 203 ; measurement of, 
252. ,253, 25^ ; of cell, 252 ; 
specific, 2Q^ ; unit of, 2£i2 

Resonance, 340 

Retardation through cables, 
322 

Retention of magnetism, 13 
Retentivity, it| 
Return shock, 129 
Rheostat, 252 
Riiis; armature, 32X 
Rhumbs, 66 

Ritter's secondary battery, 

276 

Roget's vibrating spiral, 236 
Rotation of currents by mag- 
neto, 240; of magnet pole 



by current, 224 
Rubbers, 1361 T38 
Ruhmkorffscoil722l \ efTects 



TAN 

Saturation, magnetic, 90 

Sawdust battery, 193 

Seat of charge dTTree elec- 
tricity, 23 • of charge in 
Leyden jar, 129 

Secondary batteries, 226 ; coil, 
285, 292 ; currents, 285 

Secular variation, ^ 

Selenium, 317 ^ 

Self-exciting principle, 320 

Self-induction, 287 ^ 

Semicircular variation, 70 

Separate touch, 3^ 15 

Series, electromotive, 1S8 

Series-wound machines, 2£Z 

Shell, magnetic, 2 

Sheet lightning, it^ 

Shunt-wound mactunes, 327 

Shunts, 209 

Siemens armature, 320 
Silver nitrate, electrolysis of, 

269 

Simple cell, 184 ; circuit, 198 
Simultaneous development of 
both kinds of electricity. 

Sine galvanometer, 247 

Single needle instrument, 303 

Slow discharge, 125 

Smee's cell, 195 

Sodium, discovery of, 269 ; 
sulphate, electrolysis of, 
a6S . 

Soldering, 73 

Solenoid, 226 

Solenoidal magnet, zo 

Sound, produced by magne- 
tisation, i£ 

Sounder, the, 306 

Spark discharge, 147, 148 ^ 

Specific inductive capacity, 
154 ; resistance, 202 

Spiral, Roget's vibrating, 236 

Spottiswocde's induction coil. 



produced by, 29 ij. 
commutator, 293 



297; 



Salts, decomposition of, 264. 
268. 269 



StTcilmo's fire, 148 

Storms, ma.^etic, 52 

Strain, 129, 1 30, 1.47 

Strength o current, 223 ; 
of magnet pKjle, 22, 352 ; o 
magnetic poles, compara- 
tive, 42 

Striae in vacuum tubes, 296 

Subdivision of charges, 114. 

Sul >marine cables, 302 
Sub-permanent magnetism, 72 
Summer lightning, 177 
Surface aen%ity, 2il o^* 

spheres, ii5 
Susceptibility, 228 
Swan's incandescent lamp, 

210 

Syphon recorder. 310 

Tangkkt galvanometer. 244 
Tangent positions of GausS 

Ik 



UNI 

Telegraph, electric, 30T ; 
Morse's instrument, 305 ; 
single needle, 303 

idphabets in, 



Telegraphy, 
307 ; duplex. 



311 ; instru- 



ments in, 303, 305 
Telephone, Reis's, 312 ; Bell's, 

3^3 

Tempering, 5 ^ 
Temporary magnets^ 13 
Terrestrial magnetism, 47 » 

magnetic elements, 47 
Tesla's experiments, 351 
Test for weak currents, 264^ 
Theories of electricity, 83; 

of magnetism, 8^ 230 
Theory of amalgamation, ipo; 
of cell, 189 ; of Grotthuss, 
279 ; of Tight, electro-mag- 
netic, 345; of induction, 
Faraday s, 128 ; of mag- 
netism. Ampere's, 8^ 230 
Thermal effect of currents, 213 
Thermo-electricity, 338 
Thermo-electric diagram, ^41, 

342 : inversion, 340; series, 
339 

Thermo-pile, 338 

Thomson, Professor Elihu, 

experiments of, 354 
Thomson-Houston machine, 

332 

Thomson, Sir William, on 
atmosphericelectricity, 17s: 
on contact electricity, 13.^ 

Thomson's attracted disc 
electrometer, 165: effect, 

343 ; mirror galvanometer, 
249, 359 ; quadrant electro- 
meter, 16S " 

Thunder, 177 
Tongs, discharging, lafi 
Torsion balance. Coulomb's, 
25. qS 

Total action of magnets, 31 ; 
magnetic force, 64 

Tourmaline, 84 

Transformers, 297 

Transmitter, 305 

Tubes, Geissler s, 235 ; lumi- 
nous, 148 ; vacuum, 295 

Two states of electrification, 
Z6 

Ultra-violet light, proper- 
ties of, iil 

Unit jar, Harris's, 132 

Unit of acceleration, 358 ; of 
capacity, 113^ 352. 360; 
of current, 359, 360 ; of 
E.M.F., 359. 360 ; of differ- 
ence of potential, 352 ; of 
force, 153 ; of lengtfi, 357 ; 
of heat, 358, 360 ; of mag- 
netic pole, 22j 352 ; of 
mass, 357; oT potential, 
3SQ : ofpower, 360; of 
quantity, 358J 360; 01 re- 
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UNI 

sUtance, 360; Mrenf^h 
of current, j^/^ 36--) ; of ve- 
locity, 3521 ^ 3^ 
Units ah>solute, 357 ; denved, 
li2.I dimensions of, 360; 
electro-magnetic, ^Vy; elec- 
trostatic, 358 ; fundamental, 
1^2; magnetic, prac- 
tical, 352 
Univcr»iil discharger, 
L'ics of electrolysis, aSj 

' V,' valties of, 345, 36a 
Vacuum tubes, 235 
Variation, accidental, 53; 

annual, ^ ; diurnal, 5^ ; 

irregular, 52 ; quadrantal, 

20 ; vecular, 51 ; sexnicir- 

cular, 70 



vos 

Variations in declination, 51 ; 
in dip, ^ 

Velocity of dischar|;e, 133 ; 
of electrical radiation. 342 '% 
of eleciricity. 34s ; of light, 
178. 342 ; tinh of, 3S7 

Vih rating spiral, Rbget's 
236 

Vibrator, Hertz's, 340 
Vitreous electricity, 
Volt, the, 360 

V»j!taicarc, 21^; battery, 199; 
cells, i^; pile, 2co 

Voltameter, 2156 

Volu's coodetising electro- 
scope, \ crown of caps. 

Voltmeter, 251 
Vo&s machine, ijQ 



Watex, electrolysis of, 
Watt, the, 360 

Weight of ion and strens;th 
of cnrrent, 2T2 

Welding by electricity, 21 «; 

Wheatstonc's Ixidge, construc- 
tion of, 257 ; use of, 258, 
26q : rheostat, 2^ 

Whirl, electric, 150 

Wimshurst's machine. 146 

Winter's machine, 138 

Wires in telegraphy, 301 

Work, unit of, 3^3 

Zamboni's diy pile, 200 
Zero potential, 103 

Zigzag lightning, iji 
Zinc, amaJgamated, 183 
Zincode, 265 
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